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S U M M A R Y
This thesis reports an investigation of pi ( body centred cubic ) to pi'( monoclinic ) 
martensitic transformation in a Cu - 11.8wt%Al - 4.0wt%Ni - 4.0wt%Mn shape memory 
alloy.
In Part A of this thesis, a detailed review is presented of shape memory behaviour, 
applications of shape memory alloys, general properties of pi to p i' martensitic 
transformation, the crystallography of martensitic transformation in copper - based shape 
memory alloys, and the phenomenological theory of the martensitic transformation. A 
summary is also given of published theoretical predictions and experimental results for 
the crystallographic features of Pi to pi' martensitic transformation in various copper - 
based alloys.
The experimental work is presented in Part B. The investigation included : the relative 
frequencies of the crystallographically different kinds of junction planes in pi' martensite; 
the characteristics of the pi* to pi reverse transformation; and crystallographic features of 
Pi to Pi' martensitic transformation including the lattice parameters, pi grain orientation, 
habit junction plane normals and habit plane normals. Finally, the experimental results for 
the habit plane and habit junction plane normals are compared with the theoretical 
predictions of the phenomenological theory.
A common feature of martensite plates in Pi' shape memory alloys is that self - 
accommodation is achieved by the formation of plate groups, which consist of four 
martensite variants with habit plane normals clustered about one of the six {110} poles of 
the parent phase. A " diamond " and a "spear" or "chevron" shaped four plate cluster have 
both been suggested as the characteristic Pi' group morphology. Measurement by 
quantitative metallography of the relative frequencies of the three major types of 
martensite plate junction planes : {110}pi, ( 100}pi and the habit plane junction was used 
to resolve which junction plane is dominant. It is shown that the four Pi' martensite
I l l
variants in a group are arranged predominantly in a "chevron" type morphology which is 
repeated in a "zig - zag" pattern on a larger scale. Only the {110}pi and the habit plane
junctions were found to be significant and the habit plane junction was about 8 times 
more common than the {110}pi junction plane.
The Pi' to Pi reverse transformation has been analyzed by comparing the results of 
differential scanning calorimetry with the metallographic observations. There was good 
agreement for the Af temperature estimated by the two methods, but DSC gave a 
significantly lower value for As, probably because of its " global" as opposed to the " 
local " nature of microstructural observation. The first reversion cycle was 
characteristiced by a high A f  value, which decreased significantly in the second reversion, 
indicating a transient stabilization of the p i' martensite. This effect is related to the 
presence of barriers to reverse interface movement possibly arising from defects or 
stresses induced by the initial rapid quench to form martensite. It was also observed that 
during reverse transformation the nucleating site for pi phase could be both the interface 
of martensite plates and within martensite plates.
In regard to the crystallography of martensitic transformation, the pi grain orientation 
has been determined by means of a new method of junction plane traces analysis, which 
is based on the assumption that the junction planes are precisely {110}pi planes. The 
mutual consistency of the experimental results indicated that this method of junction plane 
traces analysis is a viable method for determining the prior pi grain orientation. Habit 
junction and habit plane normals were determined by their trace measurements and 
referred to the parent crystal basis by using the pi grain orientation matrix. The estimated 
error in the mean values of the habit plane and habit junction plane is less than 1.5 degree. 
The habit plane normal was determined to be close to {155}pi. The lattice parameters of 
Pi and Pi' phases have been obtained by using the powder X - ray diffraction technique, 
which confirmed that the martensite is the monoclinic, modified 18R structure ( p = 
89.430).
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Finally, the Bowles - Mackenzie theory has been used to predict the crystallographical 
features of the Pi to pi' martensitic transformation in the present work. The theoretical 
predictions of the habit plane normal and the habit junction plane normal were found to be 
in good agreement with the experimental results.
V
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DEFINITIONS
Various terms which are related to the present work are defined as follows :
Reference surface: a surface prepared using established metallographic techniques, for 
microstructural observations.
Section surface: a surface prepared at about 90° to the reference surface using established 
metallographic techniques.
Trace: line of intersection of internal planes with either the reference surface or the section 
surface.
V arian t: two or more microstructural features of the same identity which are 
crystallographically equivalent
Orientation: spatial disposition of the space lattice associated with the structure of a single 
crystal.
Junction plane: the plane of the central interface of a four - martensite plate cluster.
Habit junction plane: the plane of the interface of two nearly parallel martensite plate 
variants.
Habit plane: the plane of contact between parent plane and martensite plate.
Forward and reverse transformation: the transformation of parent phase to martensite and 
of martensite to parent phase, respectively.
Self - accommodating: plate groups which consist of four martensite variants combined to 
produce essentially a zero net macroscopic shape change.
DCh: an ordered phase with the FesAl structure.
X
fii: the parent structure, including D 03.
fill: the low temperature martensite phase resulting from martensitic transformation of pi 
phase.
Ms: temperature at which martensite begins to form on cooling in the absence of stress.
Mf: temperature at which martensite formation is complete on cooling.
As.: temperature at which unstressed martensite begins to transform back to the parent 
phase on heating.
Af: temperature at which the transformation of martensite to parent phase is completed on 
heating.
ABBREVIATIONS
SME: shape memory effect
DSC: differential scanning calorimetry.
PART A
LITERATURE REVIEW
CHAPTER 1
INTRODUCTION
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The shape memory effect was first discovered about 50 years ago in a Cu - Zn alloy 
[1]. Now the shape memory effect and related characteristics , such as pseudoelasticity 
and the two-way shape memory, are known to occur in many alloy systems, especially 
in copper - based alloys. Shape memory alloys have been widely applied in industrial, 
energy and medical fields.
Generally, the shape memory effect is associated with a thermoelastic martensitic 
transformation and the thermoelasticity is attributed to ordering in the parent and 
martensite phases [2]. This effect can be considered to involve three stages: (i) a self­
accommodating plate groups formed in the martensitic transformation, each group 
consists of four martensite variants which combine to produce essentially a " zero ne t " 
macroscopic shape change [2]. (ii) deformation of the martensite ( temperature below M f) 
results in twin interface motion and variant cluster, the final result of which is a single 
crystal region of martensite which has a orientation mostly related to the applied stress, 
(iii) a reverse transformation of the martensite to the parent phase occurs upon heating to 
above the Af temperature. The single crystal martensite region transforms back into a 
single crystal of the parent phase, and the original shape is regained [2].
The term "martensite" was applied initially to a constituent found in rapidly quenched 
steels, then it was extended to a similar transformation which occurs in a range of metals 
and alloys. In copper-based shape memory alloys, the martensitic transformation occurs 
generally in an ordered b.c.c. parent P phase. The crystal structure of the martensite 
depends on the basic structural transition associated with the lattice strain [3].
It has become clear that the features which typify martensitic behavior relate to the 
crystallography of the change in structure. The growth of the martensite crystal is 
accompanied by a change in shape revealed on a flat surface by tilting of the transformed 
region. It has been observed that the tilt corresponds to a homogeneous macroscopic 
distortion in which the interface or habit plane between the parent and martensite phases is
3 0009 02984 0183
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at least approximately undistorted and unrotated. In addition, a definite orientation 
relationship exists between the parent and the martensite phases.
1 The change of shape in the transformed region implies that the atomic displacements : 
involved in the martensitic transformation, which occur at or near the habit plane, are 
regular and co-ordinated [4,5]. This can be interpreted by the observations [5] that the 
activation energy for the transformation is considerably less than that required for 
diffusion at the same temperature, and the ordered arrangements of atoms persist 
throughout many transformations. The co-ordinated atom movements are also compatible 
with the crystallographic nature of the habit plane and the existence of a correspondence 
in position of atoms in the parent and martensite lattices, resulting in a definite orientation 
relationship between the parent and martensite phases. A lattice correspondence implies 
that labelled rows or planes of atoms in the parent become labelled rows or planes of 
atoms in the martensite lattice and therefore that the two lattices are related by a 
homogeneous strain, and it is clear that the habit plane must be at least a semi-coherent 
plane between the parent and martensite structures [6].
These distinguishing features of a martensitic transformation are geometric in nature 
[4,7], and a direct result of the co-ordinated atom movements. The existence of a 
correspondence and its practical manifestation in a shape change are the unifying features 
of martensitic transformation with widely different kinetic and geometric properties, and 
provide the basic concepts for the crystallographic theories of the martensitic 
transformation.
General crystallographic theories of the martensitic transformation have been 
developed independently by Bowles and Mackenzie [8,9] and Wechsler, Lieberman and 
Read [10]. These theories are normally called phenomenological.
The phenomenological theory is based on the assumptions that the change of shape 
occurs at least approximately by an invariant plane strain (shape strain) in which the 
interface (habit plane) is invariant, so there should be zero average distortion at the
5
interface. Since the shape strain does not in general describe the total atom movements, 
some additional distortion (complementary strain) is required. This complementary strain 
must be inhomogeneous on a macroscopic scale since it cannot: be accompanied by any 
further change in shape and it is presumed that within a sufficiently small volume this 
strain can be described by a simple shear. If the elements of this shear are specified, then 
for an assumed correspondence between lattice vectors in the parent and martensite 
structures, all crystallographic features of the transformation such as the habit plane; the 
orientation relationship and the shape strain, can be determined by the lattice parameters 
of the parent and martensite phases.
Although the mathematical approach differs for the Bowles - Mackenzie theory and the 
Wechsler - Lieberman - Read theory the formulations are equivalent except for the 
proposed nature of the habit plane. Wechsler, Lieberman and Read assumed that the habit 
plane is not distorted and not rotated, wheres Bowles and Mackenzie proposed that lines 
in the habit plane are not rotated but may be changed in length by a few percent. This 
isotropic change appears in the formulation of the theory as an adjustable dilatation 
parameter which must have a value very close to unity [8].
The phenomenological theory has been used to examine the crystallographic features of 
martensitic transformation and the theoretical predictions are in excellent agreement with 
the experimental measurements for some transformations such as the martensitic 
transformation in Au-Cd alloys [11]. However, the theoretical predictions differ from 
experimental measurements for certain transformations and the original phenomenological 
theory has been modified in some of these cases [12,13].
Many reports of investigations of the crystallographic features of the martensitic 
transformation in copper-based shape memory alloys have been published. In Chapter 5, 
a summary is given of published theoretical predictions and experimental results for the 
crystallographic features for pi to p i' martensitic transformation in various copper-based 
shape memory alloy systems. Through this summary the theoretical predictions of the
6
habit plane, the orientation relationship between the parent and martensite phases, 
direction and magnitude of the shape strain, and the plane, the direction and the 
magnitude of the lattice invariant shear can be compared with experimental 
measurements.
CHAPTER 2
SHAPE MEMORY EFFECT
FIG. 2.1 Diagrammatic representation of the shape memory effect showing elastic and 
non-elastic strain produced by loading, recovery of elastic strain during unloading and 
of non-elastic strain during heating between the As and Af temperatures [15].
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2.1. INTRODUCTION.
The shape memory effect (SME) can be described as follows. Basically, a specimen 
when deformed in the martensitic condition will regain its original undistorted shape on 
heating, when the applied stress is released [14], as illustrated in Fig.2.1 [15]. The shape 
recovery occurs when the deformed martensite reverse transforms back to the 
parent phase. Provided that a certain strain (typically 6-8%) is not exceeded when the 
martensite is deformed, a specimen will completely recover its shape during heating.
The SME has been known since the 1930s [16] but it is only within the past thirty 
years that substantial progress has been made in understanding the phenomenon and 
applying it to useful devices.
In the late of 1930s, Greninger and Mooradian [1] observed thermoelastic behavior in 
a Cu-Zn alloy (i.e.the interchangeability of temperature and stress in providing the 
driving force for the martensitic transformation). The first report of the SME was made 
by Chang and Read [17] in a Au-Cd alloy in 1951. It was not until 1962 [18], however, 
that the phenomenon came to world-wide attention with the announcement of the 
discovery of NITINOL, an equiatomic Nickel-Titanium alloy, at the Naval Ordnance 
Laboratory in the U.S.A. [19,20]. Many materials are now known to exhibit the SME; a 
partial list includes the alloy systems Au-Cd [11,17], Ni-Ti [20], Cu-Al [21], Cu-Al- 
Ni [22], Ni-Al [23], Cu-Zn , Fe-Pt [24], Ag-Cd [25], Cu-Zn-Sn, Cu-Zn-Al, Cu-Zn-Si, 
In-T l, Fe-Ni [15], Cu-Zn-Ga, Cu-Au-Zn, Cu-Sn, Ni-Ti-X (X = ternary elem ent) [14] 
and Mn-Cu [26]. These alloys are all ordered (both parent and martensite) and exhibit a 
crystallographically reversible, thermoelastic martensitic transformation .
Now, the phenomenon of the SME represents a rapidly expanding field of research 
offering a wide variety of potential applications. Some shape memory devices and items 
are already in commercial practice, and many more are in various stages of development
10 INCH-DIA.HEMISPHERE 
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FIG. 2.2 Deployable antenna fabricated from NiTi wire. The device is initially fabricated 
in the autenitie state and compacted after transforming to martensite.[29]
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In the industrial category can be found pipe and tubing couplings, electrical connectors 
[27], automatic window openers for greenhouses [28] and collapsible antennae for use in 
outer space [29]. On the energy scene, interest in shape memory alloys is aroused 
because the recovery stresses which are generated during the martensite to parent reverse 
transformation on heating can convert heat directly into mechanical work and modest 
efficiencies are expected in this process [30]. In the medical field, some applications 
include artificial hearts [31], blood clot filters [32], and aneurism clamps [33]. In 
dentistry, teeth-straightening orthodontic braces made from a shape memory alloy are 
now in common use in the U.S.A. [34,35].
2.2. SHAPE MEMORY BEHAVIOUR IN ALLOYS.
A common feature in all shape memory alloys [15] is that a martensitic 
transformation occurs at temperatures similar to those at which the shape memory effect 
is evident. Generally, the transformation is thermoelastic. Forward and reverse 
movement of the interface which occurs under a small mechanical or thermal driving 
force with small temperature hysteresis. The transformation proceeds forwards during 
cooling between the Ms and Mf temperatures or during stressing between the Md and Ms 
temperatures and reverses during heating between the As and Af temperatures or during 
reversal of stress.
In 1972, C. M. Wayman [2] coined a general term to encompass the SME effect: the 
"marmem" ( martensitic memory) effect Marmem behavior and shape memory behavior 
are analogous terms for the SME and several closely related effects [36], which include 
two way shape memory, rubberlike behavior and pseudoelasticity.
The prototype marmem material is Nitinol, as mentioned earlier. An example of the 
SME in Nitinol is shown in Fig.2.2 [29], in which an antenna has been fabricated in the 
parent phase state. Following transformation to martensite, the antenna is 'crushed', but 
its initial shape is regained upon heating above 50°C. Nitinol has been extensively
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studied and a number of aspects such as physical, mechanical and chemical properties, 
the Ni-Ti phase diagram, the parent and martensite crystal structures have been reported 
[37, 38, 39, 40].
A number of bcc p - phases copper alloys, such as: Cu-Al-Ni; Cu-Al-Si; Cu-Zn-Ga; 
Cu-Zn-Al, exhibit SME during the martensitic transformation. The transformation 
temperatures of these copper-based alloys depend sensitively on their composition, and 
the transformation temperature ranges are generally below room temperature[41]. Further, 
the SME is not observed throughout the whole of the (3 - phase composition ranges, but 
only exists where the electron to atom ratio (average valence electron concentration per 
atom), lies between 1.38 and 1.55 [41]. Copper -based alloys can be considered for 
commercial uses although they generally display smaller recovery strains and stresses, 
and have lower memory efficiencies than Nitinol.
Some shape memory alloys, such as: Ni-Ti; In-Tl and Cu-Al [12] can be trained to 
exhibit two-way shape memory which can be described as follows. After a sufficient 
number (about 100) shape memory cycles involving the same deformation process and 
strain, the set of favourably oriented plates associated with that strain is actually formed 
during cooling between M s and Mf. This set of plates is in turn associated with the 
deformed shape, so that the alloy remembers the deformed shape during cooling as well 
as its original shape during heating [2].
The shape memory alloys such as: Au-Cd [42] and In-Tl [43,44] are also known for 
'rubberlike' behavior in the martensitic state [2]. The rubberlike behavior is obtained in 
the martensitic condition immediately when an applied stress is removed, while the SME 
is realized by heating a deformed martensitic specimen to some higher temperature. 
Although they are apparently different in character both of these phenomena are 
reversible, but the rubberlike shape memory is obtained by 'unstressing' and is a 
martensite phenomenon, while the SME requires a temperature increase and the reverse 
transformation. The rubberlike phenomenon involves a reversible, elastic detwinning
process. For example, it results from the reversible growth of martensite twins (A) at the 
expense of twins (B) or vice versa [43,44,45]. For Au-Cd alloys the rubberlike effect is 
sensitive to the lapse of time after transformation has occurred. Immediately after 
transformation, marmem behavior is typical, but after a certain period a 'stabilization' 
occurs and the behavior becomes rubberlike [1]. So, the SME is closely related to the 
rubberlike behavior.
Another phenomenon related to the marmem effect is pseudoelasticity in some alloys, 
for example, Cu-Al-Ni and Cu-Zn-X alloys [46,47,48]. These alloys exhibit a kind of 
rubberlike behavior when deformed above Ms. When they are deformed below Ms, the 
behavior is mechanistically similar to that just discussed for rubberlike alloys. The 
pseudoelastic effect ( pseudo-since stress and strain are not linear) has been explained by 
the instability of stress-induced martensite formed above M s. Accordingly, the stress- 
induced martensite disappears and reverts to the parent phase when the applied stress is 
removed. However, these alloys also exhibit the SME when deformed in the martensitic 
condition below Mf [21,23]. Thus, as with rubberlike behavior, the SME appears to be
correlated with the pseudoelastic behavior.
Since in each kind of behavior, strains can be recovered up to about 8 percent 
repeatedly, it is evident that strain must occur by a process that can be completely 
reversed during either stress removal or by moderate heating. Therefore normal 
dislocation motions cannot be involved as these because they are usually irreversible and 
cause cumulative damage to the structure of the material [49].
2.3. CONDITIONS FOR SHAPE MEMORY BEHAVIOUR
The following three conditions are suggested necessary for shape memory behavior in 
any alloy [15, 17,50]:
(1). The principal condition is a thermoelastic martensitic transformation in which the 
martensite phase must be at least semi-coherent with the parent phase, and the coherency
1 2
must be maintained during the process of growth or shrinkage of the martensite [23]. To 
maintain coherency at the interface, the shape change associated with the transformation 
must be small so as to minimize the possibility of plastic strain which would interfere 
with the coherency [51].
(2) . The parent phase of the transformation should be an ordered substitutional solid 
solution which transforms to a martensitic structure with lower crystal symmetry [52].
(3) . The structural heterogeneity in the martensite be due to twinning rather than slip.
2.3.1. Thermoelastic Behaviour in Martensitic Transformation
Alloys such as Au-Cd [17], Cu-Al-Ni [53], Cu-Zn [54], and Fe3Pt [55], which 
display the SME show very little thermal hysteresis. In these cases, a given plate or 
domain of martensite grows or shrinks as the temperature is lowered or raised, and the 
growth rate appears to depend on solely the rate of change of temperature. The martensite 
therefore forms in a thermoelastic manner [56,57]. Generally, materials exhibiting 
thermoelastic martensite formation also display the SME. The martensitic transformations 
in an ordered Fe3Pt and Ti - Ni alloy exhibit thermoelastic behavior and the SME [ 24, 
46,58,59], while disordered alloys, such as Fe - Ni alloys, display non-thermoelastic 
behavior and no SME [24,55]. So, thermoelastic martensitic behavior is related to the 
SME and is certainly a common characteristic of marmem alloys.
Kurdjumov [60] defined the concept of 'thermoelastic' behavior under certain 
conditions : the elastic strain energy per unit volume of a martensitic particle can increase 
during growth, and such growth can stop at a balance of chemical and non-chemical 
forces. Olson and Gohen [61] pointed out that a single, necessary and sufficient 
condition for thermoelastic behavior for martensitic transformation is the relative absence 
of plastic accommodation of the transformational shape change. Plastic accommodation 
means all accommodation processes exceeding those required to establish the invariant 
plane condition specified by the phenomenological theories.
The relationship of thermoelastic martensitic transformation to the SME requires 
revision o f the traditional thermodynamic approach [62] because the reverse 
transformation is assisted by release of elastic energy stored during the forward 
transformation. As a consequence, the As temperature for the reverse transformation 
frequently lies below the M s temperature.
It has been indicated that if the martensitic transformation of an alloy is not 
thermoelastic, the martensite cannot revert perfectly to the original parent phase during 
reverse transformation [2]. This concept can be explained as follows: in a typical 
martensitic transformation, different martensite plate variants form, each of which 
generally exhibits a different variant of the parent - martensite orientation relationship. 
Thus, martensite plate variants with various habit planes and orientations are formed in a 
given crystal of austenite. In principle, the same phenomenon can be expected by reverse 
transformation, and austenite plates with various orientations can be formed within the 
original martensite crystal. For example, fee austenite plates has been observed to form 
martensitically within the original bcc martensite crystal in reverse transformation in a Fe- 
32.5%Ni alloy [2]. These austenite plates form by a shear mechanism and exhibit a 
variety of habit planes. A variety of austenite orientations is also suggested by the habit 
plane multiplicity since the reverse transformation is martensitic [63]. Thus, a given 
crystal of martensite reverses back piecemeal to austenite ’’grains" of different 
orientations, and a complete shape recovery cannot result because a single austenite 
orientation cannot be generated during the reverse transformation. This behavior is in 
marked contrast to that exhibited by thermoelastic martensite where a single orientation of 
martensite reverses by a "shinkage” process to a single orientation of austenite which is 
also the initial orientation. Therefore, the consequence is that only those alloys whose 
martensite forms thermoelastically should exhibit marmem or SME behavior.
2.3.2. The Effect of Ordering
FIG. 2.3 Hypothetical stress/strain curves for ordered and disordered martensite. In the 
latter case transformation strains exceed the parent (or martensite) elastic limit and 
interface coherency is lost [55].
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As a case in point , ordered Fe3Pt alloy exhibits a thermoelastic martensitic 
transformation and the SME, while disordered specimens of the same composition 
display neither [24,55]. Therefore, the ordered atomic arrangement is closely related to 
the thermoelastic behavior and the marmem behavior.
When martensite plates form thermoelastically the habit plane should be elastically 
coherent, so that the habit plane can move forward or reverse. The habit plane is a plane 
of zero average distortion which is established by means of a lattice invariant shear 
according to the phenomenological theory of martensitic transformations [64]. But 
localized distortions still exist in the habit plane even though they are macroscopically 
averaged out by the fine-scale twinning or slip due to the lattice invariant shear. This fine­
scale distortion does not exceed the parent elastic limit in ordered alloys, but in 
disordered alloys the elastic limit is evidently exceeded, leading to the habit plane being 
incoherent because of localized strains due to the martensite shape strain. Figure 2.3 
shows the hypothetical stress/strain curves of Fe3P t , it can be used to explain the effect 
of austenite ordering on thermoelastic behavior [55]. Therefore, the reversible growth 
and shrinkage of thermoelastic martensite plates is due to the ordered atomic arrangement 
[2].
The ordered atomic arrangement is also important when the reverse transformation is 
considered. In ordered alloys, martensite plates reverse as a unit to the original austenite 
orientation. However, the possibility of a 'disordered' reversal should even be 
considered for ordered alloys, in which the 'symmetry' elements involved in the various 
structures become important. In some cases where an ordered parent phase transforms to 
an ordered martensite, the arrangement of atoms exhibits a lower symmetry in the 
martensitic phase following the lattice deformation. During the reverse transformation 
another lattice distortion may occur, but the number of reverse lattice correspondences is 
more limited if the original ordered atomic arrangement is required to be reversed. For 
example, in the case of the Cu-Al-Ni transformation, only one martensite-parent
O • O •
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• •  •  •  • •
O • O •  o • O •
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o •  o • o  • • • • •
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FIG. 2.4 (i). Three possible two-dimensional lattice correspondences for the martensite / 
parent reverse transformation in Cu-Al-Ni martensite, (ii). Correspondence A results in 
the parent (101) plane shown in ( a ) , while correspondences B and C result in (b). Only 
correspondence A produces the correct configuration [66,67].
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correspondence would maintain the original order [65]. The atomic arrangement on the 
(001) basal plane in Cu-Al-Ni martensite and three possible lattice correspondences for 
the reverse transformation are shown in Fig. 2.4 (i), in which the large and small circles 
represent atoms on the 1st and 2nd layers of the basal plane, respectively [66, 67]. Three 
possible correspondences are indicated by rectangles. If the rectangles elongate and 
contract along X-X’ and Y-Y' respectively and accompanying shuffles occur as indicated 
by arrows, the b.c.c. parent phase can be obtained in which the basal plane changes back 
to the (101) plane. Because of the ordered arrangement, the three correspondences lead to 
different parent lattices and (101) planes. In Fig.2.4(ii)-(a), it is shown that 
correspondence(A) results in the (101) plane, that is the atomic arrangement of the (101) 
plane of the DO3 type parent crystal structure. In Fig.2.4(ii)-(b) the other 
correspondences(B) and (C) result in the (101) planes shown. The nearest aluminium 
atoms are third-nearest neighbours in Fig.2.4(ii)-(a), while they are second-nearest 
neighbours in Fig.2.5(ii)-(b). The latter arrangement may have a higher energy than the 
former. Only correspondence(A) would therefore operate for the reverse transformation, 
and result in the same parent orientation.
Alloys in which martensites are ordered, even though the type of ordering differs 
from alloy to alloy, also exhibit the marmem and thermoelastic behavior [23, 68]. It may 
be therefore concluded that ordered alloys which transform to martensite should exhibit 
thermoelastic behavior and the SME.
2.3.3. Internal Twinning in Martensites
The SME is a phenomenon in which a deformed specimen reverses to its original 
phase when heated. It is implied that the deformation process is reversible. Since 
deformation by slip is irreversible, it is difficult to consider that an alloy deformed by slip 
can revert to its original undeformed phase during the reverse transformation. Also, an 
alloy that exhibits the SME should not contain mobile dislocations. It is well known that 
martensites contain an internal sub-structure as a consequence of the lattice invariant
16
deformation of the pnenomenological crystallographic theories. Investigations using 
transmission electron microscopy have shown that martensites contain internal twins, 
faults, or dislocations which are the results of the lattice invariant deformation. Since 
marmem alloys should not contain 'irreversible defects', it is considered that in most 
alloys exhibiting the SME, such as: Ti - 50at%Ni [69, 70, 71], Au -47.5at%Cd [11, 72], 
In - 23at%Tl [73, 74], Cu - Zn( higher Zn content) [75, 76] and Ni - 36.8at%Al [68, 
77], the lattice invariant deformation is internal twinning. Then deformation can result 
from a selective detwinning process according to which one of the two twin orientations, 
upon deformation, grows and 'consumes' the other [2].
It should also be noted that for some alloys showing the SME, such as: Cu - Zn 
(lower Zn content) alloys which have a 9R long - period stacking crystal structure in
martensite [75, 76] and a Cu - 14.2wt%Al - 4.3wt%Ni alloy which has a 18R structure 
in pi' martensite [78,79], the lattice invariant deformation is stacking faults.
2.4. Shape Recovery
Delange and Zijderveld [80] proposed that shape recovery is achieved by the reverse 
transformation of deformation induced martensite during heating. Their theory explains 
the SME by assuming that recoverable plastic deformation is affected by the 
transformation of untransformed parent phase into martensite. Wayman [2,81,82] 
argued that the deformation processes must be reversible. Since the required condition 
for shape recovery is the absence of internal irreversible defects, he concluded that 
internal twinning must be the lattice invariant deformation that occurs in shape memory 
alloys. Otsuka and Shimuzu [83,84] suggested that the recoverable deformation occurs 
by a detwinning mechanism as well as by the formation of reversible mechanical twins. 
They concluded that the origin of the SME lies in the thermoelastic behavior of the habit 
plane between the parent and martensite phases and the internal twin boundaries which 
formed either on transformation or by deformation following transformation .
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Because a requirement for SME is the presence of an interface reversible 
transformation, the non-elastic strain accompanying the deformation must be fully 
accommodated by the reversible transformation [36]. Recoverable strains as high as 
10.8% have been observed in large grained Cu-Zn specimens [85], however, maximum 
recoverable strains of between 6% and 8% are more common [15]. The value of the 
maximum recoverable strain is strongly dependent on the alloy, the deformation 
temperature, and the grain size and composition for any given alloy [41]. Fracture at the 
grain boundaries has proved to be the limiting factor in the magnitude of the shape 
recovery [86]. This recoverable strain may be imposed by bending, torsion, tension and 
compression [15]. During heating of the strained alloy, the reverse martensitic 
transformation occurs between As and Af temperature and shape recovery occurs 
simultaneously. The occurrence of shape recovery would depend on the nature of the 
strained structure [15].
If some of the parent phase is present, the thermoelastic nature of the martensite 
ensures that during release of stress or during subsequent heating from As to Af, the 
martensite crystal transforms back by reverse habit plane motion to the original parent 
phase in the original orientation to generate the original shape [49]. If no parent phase is 
present, reverse transformation to the parent phase will occur under structural 
restrictions. In general, the parent phase is ordered with high symmetry (often cubic) and 
the martensitic phase which inherits the order of the parent phase has lower symmetry. 
These structural features ensure that while there may be up to 24 crystallographic ways 
(variants) for a martensite plate to form from the parent phase, there is only a unique way 
in which a single plate of martensite can transform back to the parent phase having the 
correct order and symmetry. Thus, an exact reversal of the transformation mechanism for 
the favourably oriented martensite plates produced by the deformation process 
necessarily generates the parent grains in the original orientation.
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In both cases reverse transformation forms the original grain structure, which means 
that the original shape of the material must be regenerated with complete shape recovery.
/
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CHAPTER 3
THE MARTENSITIC TRANSFORMATION
2 0
3.1. INTRODUCTION
In ferrous alloys, martensite is the phase which forms when austenite is cooled 
sufficiently rapidly to avoid diffusional transformations [85], and Osmond [86] gave an 
identical definition when he originally named the phase. Later, in the 1930s, the term 
’martensite' was gradually applied to acicular structures formed on quenching certain 
copper alloys [15], and following that, the name was applied to microstructurally similar 
phases in other alloys. Although the crystallography, growth kinetics and properties of 
the various martensites may be very different, in fact the sole similarity between many of 
them is that they all occur by a martensitic reaction.
According to Wasilewski [87], the martensitic transformation is defined as a "first 
order solid state structural transformation which is diffusionless, involves relative atom 
movement of less than the interatomic spacing, and exhibits a lattice correspondence 
(which is not necessarily unique) between the initial and the final structures.”
Martensitic transformations can be induced by the application of stress as well as by 
changes in temperature. This interchangeability of temperature and stress as variables 
affecting the transformation is due to two effects:
(1) The free enthalpy of the matrix and product phase and thus their equilibria depend not 
only on variations in temperature and composition but also on stress.
(2) The nucléation and growth processes are associated with shear strains and these will 
interact with stresses acting within, or applied to the specimen.
Martensite is a single phase and therefore, the martensitic transformation is a phase 
change from one single phase to another single phase. Moreover, since the chemical 
composition of the untransformed part is found to be unchanged, the composition of the 
transformed part must also be the same as that of the parent phase. This means that no 
atomic diffusion takes place during the transformation. In this sense the martensitic 
transformation is considered to be a kind of diffusionless transformation.
One difference between precipitation in solids and the martensitic transformation is that 
there is no long-range diffusion in the latter. In addition, the martensitic transformation 
necessarily entails a definite orientation relationship, a definite habit plane, and regular 
surface relief.
Since martensitic transformations take place by cooperative atomic movement, the 
growth of a martensite crystal across grain boundaries in the parent phase cannot occur.
3.2. THE MARTENSITIC TRANSFORMATION IN COPPER-BASED ALLOYS
The use of the term "martensite" to describe the structure and transformation in 
copper-based alloys was first suggested in 1938 by Greninger and Mooradian [1] in an 
investigation of the transformations in 8 phase Cu-Sn and Cu-Zn alloys. Then, the 
martensitic transformations in copper-based alloys were discovered in several 
laboratories. Kurdyumov and his associates followed the investigation of this group of 
transformations very extensively [89]. Crystallographic, metallographic, kinetic and 
thermodynamic aspects were treated. After that, similar martensite transformations have 
been observed in B-phase Cu-Al [21], Cu-Al-Ni [22], Cu-Zn-Sn, Cu-Zn-Al, Cu-Zn-Si 
[15], Cu-Zn-Ga and Cu-Au-Zn [14]. The structures are similar to the martensite in steels 
and are formed during rapid cooling. Originally these structures were referred to as 
"bends" or "markings" produced by a "strain transformation" [90].
About 25 years ago, details of the microstructures and some of the crystal structures 
of martensitic phase were detected and determined by transmission electron microscopy 
and selected area electron diffraction.
Most B phases of copper-based alloys with an electron-to-atom ratio near 3:2 are 
b.c.c. It has been shown in Warlimont's report [91] that a number of different martensite 
phases are formed in each system and the phases formed at similar electron 
concentrations are structurally similar. Depending on the system the phases at higher
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solute concentrations are: an ordered b.c.c.(L2i) phase, an h.c.p. phase, or the y-brass 
type(D82> phase. At lower temperatures an ordered b.c.c.(B2) phase, an ordered 
b.c.c.(D03) phase, an h.c.p.(A3) phase, or a two-phase mixture of a(f.c.c) and one of 
the above phases are in equilibrium.
As a result of the cooperative atomic rearrangement, it is well known that martensitic 
transformations are generally associated with a shape change which is revealed on a flat 
surface by tilt of the transformed volume. This shape change can be described by an 
invariant plane strain which may be resolved into two component strains (the lattice strain 
and the lattice invariant strain) and a rotation which is immaterial to the structural change. 
The lattice strain transfers the parent lattice into the martensite lattice, whereas the lattice 
invariant strain corresponds to a deformation of the martensite lattice. In copper-based 
alloys the deformation of the martensite lattice occurs in two ways depending on the 
change in crystal structure. With one way the lattice strain is from b.c.c. to f.c.c., and the 
lattice invariant strain occurs as slip. It introduces stacking shifts which range from a 
random to a periodically ordered distribution (long-period stacking structure) and may 
even lead to alternating layers of different crystal structure. With the other way the lattice 
strain is a lattice deformation such that the structural change is from b.c.c. to h.c.p; in 
this case the lattice invariant strain consists of twinning [3]. The transformations 
producing these structures are particularly suitable for detailed experimental study as the 
martensite plates are often extremely large and in a number of alloys are formed below 
room temperature [90]. A martensitic transition of the b.c.c. into the y-brass type 
structure is not to be expected [91] because of the atom distribution in the y-brass unit 
cell which cannot be achieved by the shear and dilatational strains to which martensitic 
transformations are restricted.
The different types of martensitic phases are characterized by their structures, 
microstructural features and modes of formation [3] together with their phase symbols 
and the phase and structure symbols of the matrix phases. Generally, two types of 
martensitic phases can be obtained: one of them is (3 - type martensite, the lattice invariant
- c------------ ------------B
FIG. 3.1 The positions of the solvent A and solute B and C components in the periodic 
table. The small boxes indicate the solvent which forms a B-phase with the respective 
solute element [92].
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deformation is stacking faults, the other one is y — type martensite, the lattice invariant 
deformation is twinning.
Apart from stacking faults or twins, the ordered atom positions have to be 
considered if the parent lattice is ordered. Effects of ordering are responsible for 
orthorhombic and monoclinic distortions of the martensitic structure, which may be 
compared to the effect of anisotropic distortions due to carbon atoms in the lattice of the 
Fe-C martensite. Due to the different ordered structures of the matrix phases in different 
alloy systems, the different superscripts have been used to describe the superlattice 
structure of the martensite, such as p', p", y*. For instance, ( ' ) describes that the 
martensite is derived from an FesAl type superlattice in the parent and the transformation 
product consists of one structure; ( " ) describes that the transformation product is a 
lamellar composite of two structures.
3.3. THE MATRIX P - PHASE
The martensitic transformation occurs generally in an ordered b.c.c., B-phase matrix. 
The B-phase has a fairly wide range of solid solution at high temperatures, but the 
stability of the B-phase decreases with decreasing temperature, narrowing the range of 
solid solution. If cooled slowly the p - phases then usually decomposes by a eutectoid 
transformation to a  and j 2 phase below about 500°C. An ordering transformation can 
also occur below about 500°C in which p transforms to pi, a DO3 type structure or a B2 
type structure depending on composition and temperature. The ordering reaction occurs 
quickly and is not suppressed by normal quenching. However, rapid cooling can 
suppress long range atomic diffusion of atoms, such that Pi transforms to martensite 
without decomposition.
The elements forming binary copper-based alloy which exhibit a stable P - phase 
according to Hansen and Anderko [92] and Westbrook [93] are shown in Fig.3.1. The 
ternary alloy systems may be divided into two groups: (1). the ABjBj type temarys; (2).
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FIG. 3.2 The unit cells of the CsCl (3.2.1), Fe3 Al (3.2.2) and Cu2 MnAl (3.2.3) type 
structures, and the generalized unit cell (3.2.4) [3].
the ABC type ternary systems. A, B and C refer to different elements of the A, B and C 
groups marked in Fig.3.1, T and j* refer to different components of the same group.
The b.c.c. based superlattice structures are shown in Fig. 3.2 [3] : The Fe3Al 
structure (D 0 3; phase symbol p i), the CsCl structure (B2; phase symbol Pi) the 
C u2MnAl structure (L2i; phase symbol p2). Because of the deviations from the 
stoichiometric composition and from perfect ordering, superlattice structures may be 
accommodated by introducing:
(1) . excess atoms of one component in the sublattice sites of the other component at 
random;
(2) . the excess atoms of one component in the sublattice sites of the other component in 
an ordered array;
(3) . a disordered or an ordered distribution of structural vacancies in one of the 
sublattices [94],
(4) . a two-phase mixture of ordered precipitates in a disordered parent [94,95,96];
(5) . an excess occupation of all sublattices by "wrong" component atoms (long-range 
order parameter S< 1) [3].
If the bonding is predominantly metallic, the stoichiometric composition is not 
necessarily most stable, but if the bonding is more ionic in character the stoichiometric 
composition tends to be most stable. This may have to be considered if the addition of a 
third element changes the type of bonding.
The atomic order in the matrix not only determines the superlattice of the martensite 
structure, but also the exact packing and symmetry [97]. For example, the atom size ratio 
R a/R b controls the packing of the B2 structure [98]. With a ratio of Ra/Rb = 1 the 
structure has an ordered b.c.c. packing with unlike atoms in contact along <111> 
crystallographic directions. As Ra/Rb decreases this contact is maintained while the 
larger atoms approach one another along <100> directions. The ratio Ra/Rb affects not
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only the strains associated with the martensite transformation but also the concentration 
dependence of Ms [99,100].
It may not be avoided sometimes that phase transformations occur prior to and 
during the martensitic transformations and influence the crystallography and properties of 
the martensite, so a brief discussion of these will be given here.
During cooling from the high temperature (3 - range, diffusion can occur as long as 
there is thermal activation and structural changes may be produced prior to martensitic 
transformation. These are due to passage of the solubility limit of other stable or 
metastable phases with decreasing temperature. Depending on the cooling rate and the 
nucléation and growth rates, the formation of these phases is either interrupted by the 
martensitic transformation or frozen-in at lower temperature. An intermediate 
transformation of this kind practically never goes to completion even through its initial 
rate is high due to the excess concentration of thermal vacancies. The structural changes 
and intermediate states established during cooling may be partially derived from the 
structures and properties of the martensitic phases. The structural changes can be divided 
to two groups: the formation of a superlattice phase and the transformation to a phase 
with a more pronounced difference in crystal structure [3]. A typical example is as 
follows.
The order - disorder transformation temperature Tc [101] and Ms 
temperatures [89] have been plotted on the phase diagram for Cu - A1 
[102]. In Cu-Al alloys superlattice formation and martensitic transformation compete 
upon lowering of the temperature. Some experimental results indicate [95,96,103] that 
alloys containing >10.2 wt% A1 are partly or completely transformed to an imperfect DO3 
structure, depending on composition and cooling rate, before being transformed 
martensitically. Since the ordered atom distribution is retained in the martensite, and since 
the lattice invariant shear is mainly associated with Burgers vectors which are complete 
translation vectors of the superlattice, the antiphase domain structure is preserved
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throughout the transformation. These interrelations have been employed to establish the 
crystallographic correspondence between the parent and martensite lattice for yi’-Cu-Al 
[104] as well as for pi'-Cu-Al [105] martensite.
In the group of alloys exhibiting eutectoid decomposition a full knowledge of the 
phases and of the kinetics of formation is necessary to determine the quenching 
temperature and minimum quenching rate required to obtain martensite and to avoid 
formation of metastable or stable phases.
With a high M s temperature, the p-phase will be transformed into martensite after a 
shorter time from the beginning of the quench, and the amount of diffusion controlled 
intermediate transformation will be reduced [3].
3.4. THE p! TO pi' TRANSFORMATION
For the copper-based alloys, the fundamental structures of the p - type martensite 
which are derived from a b.c.c. to f.c.c. transition are either f.c.c. or an orthorhombic 
close-packed layer structure which consists of an array of close-packed planes with a 
more or less well-defined, complicated stacking sequence. The stacking sequences 
occurring most frequently are 9R and 18R, in Ramsdell notation [106] for which the 
Arabic numeral indicates the number of layers in one period and the letter R following it 
stands for rhombohedral symmetry [107].
In many cases these close-packed structures have superlattices. The superlattices are 
considered to be formed because the martensite phases in the martensitic transformation 
inherit the atomic ordering of the parent phases. Most P - phases in copper-based alloys 
have the FesAl type (DO3) superlattice or CsCl type (B2) superlattice. B2 is a simple 
structure comprising one cell with a copper atom at tlie cell comer sites and a solute 
atoms at the cell centre site; DO3 is a complex structure comprising eight cells with 
copper atoms at all comer sites and at the centre sites of four cells with solute atoms at the 
other four cell centre sites [108]. In this review, the symbol Pi are used to designate
( b)
FIG. 3.3 Crystal structure of the B2 ordered J$i.(This structure can be regarded as an 
alternate stacking of atomic layers A2 and B2.) (a) unit cell, (b) two kinds of (110) 
atomic layers [107].
A B C
FIG. 3.4 Three kinds of atomic layers in 9R martensite produced from the B2 ordered 
Pi.(The arrows indicate the displacement vector of each layer referred to layer A.) [107].
FIG. 3.5 Lattice deformation of the Bi to 9R transformation [110].
(a) P |  lattice viewed from [0 1 0 ] direction.
(b) 9R lattice (dotted lines) viewed from [010] direction. Solid lines show the 
corresponding atom positions in 9R after the pi lattice has been transformed into the 9R 
lattice.
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these ordered phase irrespective of the type of order. The subscript 1 means that the 13- 
phase has a superlattice.
The Pi' martensite structure is produced from the pi structure by shear accompanied 
by shuffling of the atomic planes [107]. The pi' martensite has an ordered 9R structure 
or an ordered 18R structure. 9R martensite is derived from B2 order, 18R martensite is 
derived from DO3 order. For example, Dunne and Kennon [51] have reported that in Cu- 
A1 alloys at compositions near CU3AI, DO3 order occurs in the metastable p on cooling 
below 500°C; whereas in P - phase Cu-40wt%Zn alloy, a B2 ordered structure occurs. 
For these alloys, and the usual composition ranges of Cu-Al-Ni alloys, DO3 order results 
in 18R martensite and B2 order in 9R martensite.
3.4.1. 9R Martensite
In the case of B2 (CsCl-type) structures, two kinds of atomic planes: Ai and Bi 
are stacked alternately, as shown in Fig. 3.3 [107]. The kind of layers in the 9R 
martensite close-packed structure which form from the B2 ordered matrix are shown in 
Fig. 3.4 [107].
The stacking sequence corresponding to the 9R is shown in the conventional ABC 
type notation in Fig. 3.5 [110]. The stacking of the layers in one period is: 
ABCBCACAB, starting with an A plane as the basal plane. It should be noted that the 
basal plane is close-packed disregarding possible small distortions. As shown in Fig. 
3.3, the a- and b- axes of the orthorhombic unit cell lie in the basal plane. The c- axis is 
perpendicular to the basal plane.
It has been indicated by H. Warlimont and L. Delaey [3] that the structure of the p- 
type martensite may not be exactly orthorhombic. In crystallographic terms the unit cell 
may be monoclinic, or triclinic depending on the specific alloy and type of structure.
In fact, it has been found [111,112,113] that the exact structure of the 9R martensite 
sometimes is slightly deviated from that of the normal one which is termed N9R
FIG. 3.6 (a) The unit cell of the normal 9R type structure, (b) The unit cell of the 
modified 9R structure [114].
A,(HO)
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[ 110]
( 110)
( b )
FIG. 3.7 Crystal structure of the DO3 ordered pi, regarded as an alternate stacking of 
atomic planes Ax and B x. (a) unit cell, (b) two kinds of (1 1 0 ) atomic layers [107].
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FIG. 3.8 Six kinds of atomic layers in 18R martensite produced from the DO3 ordered 
Pi. (The arrows indicate the displacement vector of each layer referred to layer A)[107].
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FIG. 3.9 Schematic model for structure change from pi to 18R martensite as viewed
from [010]bi direction (a) stacking of (101)bi planes prior to transformation. If the 
lattice is then uniformly sheared on (0 0 1 ) [1 0 0 ] ̂  •, the structure results as shown in (b).
If the 3R structure is further shuffled on (001) [100]bi' at every third layer, the 18R 
structure results as shown in (c). The 18R structure is approximated by a 
uniformly sheared structure(d). (e). shows the 18R stacking sequence corresponding 
to (c), referred to orthorhombic axes [117].
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martensite structure . The new structure was termed the modified 9R (M9R) martensite 
structure, ( see Fig. 3.6 [114]). The essential differences between the new structure and 
the normal one are that the stacking position in each layer deviate from the exact 1/3 or 
2/3 positions for satisfying the close-packed condition, and in that the unit cell changes 
from an orthorhombic cell to a monoclinic cell. The modified structure has been found in 
Cu-Zn [112], Cu-Zn-Ga [115] andCu-Zn-Al [113, 116].
3.4.2 18R Martensite
In the DO3 (Fe3Al-type) structure, two kinds of atomic planes, Ai and Bi parallel to 
(llO)fii are alternately stacked, as shown in Fig. 3.7 [107]. Then it can be considered 
that the 18R martensite structure results from shears on these (1 10)b i planes, and 
consists of six kinds of close-packed layers that are shifted relative to each other in the 
directions parallel to the close-packed plane. The atom positions of the 18R martensite are 
shown in Fig. 3.8 [107].
According to the Fig. 3.8, the lattice strain consists of two steps: (i) expansion 
along [110] and contraction along [001] in the martensite basal place; (ii) shuffling on
the basal plane produces the final stacking sequence required for the structure. The 
shuffles in the second step give the ABC type stacking shown in Fig. 3.9 [117]. First, a 
uniform shear on the basal plane as shown in (b) forms the 3R martensite structure. Then 
if a shuffle occurs in the reverse direction on every third layer as shown in (c), an 18R 
martensite structure is obtained with the atom arrangement as shown in (e) relative to 
orthorhombic axes. Therefore, the stacking of the layers of the 18R martensite structure 
in one period is: A B 'CB 'CA 'CA 'BA 'BC 'BCA CA B'.The a and b axes in the 
orthorhombic coordinate system are shown in Fig.3.8 and the c axis is perpendicular to 
the close-packed plane. This kind of 18R martensite structure is the normal 18R structure 
(N18R).
Saburi et al [119] have found the modified 18R martensite structure (M18R) in Cu- 
Zn-Ga alloys. They made an intensive effort to collect electron diffraction patterns in
6Aa
FIG. 3.10 The atom positions of the modified 18R unit cell, (a) close-packed layers, 
(001) plane, (b) (010) section [119].
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order to identify the martensite structure. From these patterns the following effects were 
noted: (i) the positions of the diffraction spots coincide with those expected from the 
N18R structure; (ii) the a direction is not exactly perpendicular to c (the angle between 
them is 88°20'); (iii) the relative intensities of the diffraction spots are different from 
those calculated on the basis of the N18R model [119].Therefore, the actual structure is 
slightly different from the N18R and the slight deviation of the angle from 90° is related 
to the difference in relative intensity of the diffraction spots from those of the N18R. 
Since the angle between a and b is 88°20' instead of the 90°. The M18R structure is 
shown in Fig. 3.10 [119].
3 0
CHAPTER 4
THE CRYSTALLOGRAPHY OF THE 
MARTENSITE TRANSFORMATION
3 1
4.1. INTRODUCTION
The crystallographic features of the martensitic transformations have been studied 
over a long period. The study of the martensite transformation has been catalysed by the 
development of the phenomenological theories and the application of transmission 
electron microscopy, electron diffraction and X-ray analysis.
The crystallographic features of the martensite transformation which are regarded as 
definitive are:
(i) the change in shape, which reveals a well-defined surface distortion when a crystal of 
the parent phase having a smooth surface is permitted to transform into martensite. The 
observed surface relief effects suggest that as the parent phase transforms into martensite, 
straight lines are transformed into straight lines and planes are transformed into planes.
(ii) the martensite phase bears a definite lattice orientation relationship to the parent 
phase.
(iii) a particular plane in the parent structure, known as the habit plane, or interface plane, 
separates the parent and martensitic phases.
These repreducible properties provide both the clues on which the crystallographic 
theories of the transformation are based and the measurements which the theories must 
account for [120].
A number of crystallographic and thermodynamic theories have been proposed to 
elucidate the martensitic transformation mechanism. Because the thermodynamic theories 
assume thermal equilibrium and ignore the microstructural and crystallographic 
characteristics of the martensitic transformation, they are somewhat less useful in their 
prediction of detail [107]. Therefore, only the crystallographic theories of the martensitic 
transformation will be described here.
FIG.4.1 Lattice correspondence relating two structures. The atoms O, A, B..., P, Q... 
etc. define corresponding lattice vectors and planes. Two corresponding unit cells are 
indicated by heavy lines [88].
Crystallographic theories are concerned with the geometrical relationships between 
the crystallographic properties of m artensitic transform ations and therefore a 
correspondence in position of atoms in the parent and martensite structures is implicitly 
assumed [90].
In this chapter, the crystallographic features of the martensitic transformation are 
described in detail The phenomenological theory of the martensitic transformation will be 
discussed, which enable the crystallographic features of the transformation (such as habit 
plane, shape strain etc) to be predicted.
4.2. THE CRYSTALLOGRAPHIC FEATURES OF THE MARTENSITIC 
TRANSFORMATION
4.2.1. The Lattice Correspondence
Martensitic transformation is based on the concept of a lattice correspondence. This 
can be illustrated by imagining that atoms can be labelled in the parent phase and 
recognized in the product phase, as shown in Fig.4.1 [88], This drawing illustrates the 
lattice correspondence relating two structures in two dimensions, each of which has only 
one atom in the unit cell of smallest size. The correspondence means that lattice vectors, 
planes and unit cells defined by particular sequences of labelled atoms in the parent phase 
are converted into vectors, planes and unit cells defined in the product by the same 
labelled atoms in the same sequences [88]. Consequently,the unique relationship between 
unit cells or lattice vectors and planes in the two structures is referred to as the 
correspondence [125].
A relationship of this kind may be regarded physically as a homogeneous 
deformation of one lattice into the other. The change does not preserve angular relations 
between pairs of vectors or pairs of planes, and it does not imply a rational orientation 
relationship between parent and martensite. A description of the correspondence is 
complete when three non coplanar vectors of one structure are related to the
FIG.4.2 The common lattice correspondence for the b.c.c to orthorhombic and h.c.p 
transformation.The subscripts refer to b.c.c.(b), orthorhombic(o) and h.c.p.(h) 
structures, respectively [72].
corresponding set of vectors in the other structure; it is evident by Fig.4.1 that this 
description is not changed by any relative rotation given to the two structures.
For the transition of the b.c.c. into a close-packed martensite structure, the 
corresponding lattice unit cells are related by a common lattice correspondence. Figure 
4.2 [72] shows the b.c.c. to hexagonal or orthorhombic unit cell correspondence. The 
basal planes of the orthorhombic and hexagonal product cells,{001}o and {00.1}h, are 
derived from a {01 l)b  plane. The specific correspondences given in Fig.4.2 for the
two equivalent variants of unit cells yield ( l l0 ) b // (001)Q/l (00.1)h . Close - packed
directions < l l l> b  are, also, preserved in these planes during the transformation and 
become <21.0>h, and <110>o directions.
The correspondence of lattices sites in the {110}b, {00.1}h and{001}o planes 
according to Fig.4.2 allows one to derive the ordered atom distribution in corresponding 
planes of the martensite from the parent structure.
Jaswon and Wheeler [122] have assumed that the correct correspondence is that for 
which each atom in the parent unit cell containing the origin moves to the nearest available 
site in the product structure. Though this criterion predicts the correct positions of 
interstitial and superlattice atoms in those transformations to which it has been applied, 
the orientation relationship must be known. Lomer [123] indicated that the correct 
correspondence is that which leads to the smallest principal strains in the pure strain 
component of the homogeneous strain, and this permits the determination of the 
correspondence by trial and error without using the orientation relationship [120]. 
Therefore, the existence of a correspondence has to be inferred from indirect evidence, 
and the best way to confirm the choice is by the agreement between experimental 
observations and theoretical predictions based on the postulated correspondence.
4.2.2. The Shape Strain
FIG.4.3 Schematic representation of shape change produced by formation of 
martensite plate [7].
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The usual lenticular or plate-like shapes of martensite crystals terminating within 
or at the boundaries of grains are due to constraints imposed by the parent phase. All 
martensite transformations have interfaces which are approximately planar and produce 
essentially the same kind of distortion or shape change at the surface [4]. When a volume 
of the parent phase transforms to a single region of martensite, the macroscopic change of 
shape may be recognized by the tilting of an originally flat surface, or the deviation of 
originally straight reference lines scribed on the surface [88]. Figure 4.3 [7] shows the 
schematic shape change. It is can be seen that the parent and martensite structures which 
are to remain in contact whilst martensite grows from the parent phase share a common 
interface, so the least restrictive condition is that the interface be planar and invariant 
under the shape change. These observations identify the change in shape as a 
homogeneous strain [8].
Bowles and Mackenzie [8] have pointed out that the most general kind of 
homogeneous strain which leaves a plane unrotated and undistorted is an invariant plane 
strain. The important properties of such strains are
(i) the initial and final directions of lines, other than those in the invariant plane, are 
coplanar with the direction of displacement;
(ii) the initial and final positions of the normals to planes, other than those containing the 
direction of displacement, are coplanar with the normal to the invariant plane. The 
invariant plane strain is described by specifying the invariant plane and the magnitude and 
direction of displacement of a space unit distance from the invariant plane [120].
The invariant plane strain consists of two component strains, one is the lattice strain, and 
the other one is the lattice invariant strain. The lattice strain consists of a "pure" lattice 
strain and a rigid body rotation. The pure lattice strain is defined as the principal 
distortions given by the ratios of the final to the initial lengths of the principal axes of 
distortion [88]. Rotation ensures that the undistorted plane is also unrotated [49].
FIG.4.4 Orientation relationships between lattices of two parallel P i' Cu-Al martensite 
plates, A and B, and parent p i (refered to as b). The projection shows the basal planes of 
the two Pi' orientations and the close-packed directions common to the martensite and 
parent lattices [124].
By assuming that the shape strain is an invariant plane strain on the interface, the 
magnitude and direction of the strain may be determined experimentally by measuring the 
rotations of planes and directions by the shape strain [120]. The shape strain can be 
revealed in a polished surface by means of surface tilts and by the change in direction of 
surface scratches made before the transformation. The surface tilt can be measured by 
sectioning perpendicularly to the surface and to the martensite plate or by an 
interferometer technique. A specimen of two polished surfaces is required, in order that 
the tilts of the martensite plate can be measured in both surfaces. The change in direction 
of the scratches include the displacement of the scratches in the plane of the surface and 
the displacement that is associated with the surface tilt produced by the transformation. 
The measurement of both displacements must be repeated for at least two non-parallel 
scratches. From the measurement of the total displacement of the scratches and the 
position of the habit plane, the magnitude and the direction of the shape strain can be 
calculated. Then the experimental results can be compared with the magnitude and 
direction predicted by the phenomenological theory [88].
4.2.3 The Orientation Relationship
In general the orientation relationship between the lattices of the parent and martensite 
phases is approximately given by the lattice correspondence. The exact orientation 
relationship, for example, the particular final positions of directions and plane normals, 
are determined by applying the pure lattice strain B and the rotation R  ( Section 4.3 ) to 
the lattice vectors to be considered [3].
Stereographic projection is often used to plot the orientation relationship. Figure 4.4 
[124] shows a typical stereographic plot of the orientation relationship for a (3-type 
martensitic transformation. Since B and R are functions of the lattice parameters, it is 
possible to derive plots of the expected positions of characteristic poles as functions of 
axial ratios and principal distortions.
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The experimental determination of the orientation relationship between the parent 
and martensite phases can be made by means of X-ray or electron diffraction. Orientation 
determinations using X-rays are accurate to within ± (l/4 )°  [88] but experimentally are 
difficult to carry out. In alloy systems, the specimen should be partially transformed to 
allow both phases to be present at room temperature.The usual procedure is to produce a 
large parent grain which is at least as large as the cross-section of the X-ray beam in order 
to determine its orientation by the X-ray back reflection Laue method. The orientation of a 
large martensite plate within the grain is also determined.
A much simpler method for determining the orientation relationship is to use electron 
diffraction patterns taken from thin foil specimens of partially transformed alloys. 
Electron diffraction patterns from selected areas as small as 0.25mm in diameter can be 
obtained. It is therefore easy to obtain the diffraction pattern of a region of retained parent 
phase, then obtain the diffraction pattern of an adjacent martensite plate and finally the 
composite diffraction pattern of both phases. Unfortunately, the accuracy obtainable from 
electron diffraction patterns is only ±1 to 2° [88], however this method is useful in 
determining whether the proposed orientation relationship is obeyed for a particular 
martensite plate.
Because of the inevitable experimental errors, exact agreement with the predicted the 
orientation relationship may not occur [6]. However, in most cases, it may be noted that 
the agreement between experiment and theory is very satisfactory and that variations in 
lattice parameters due to orthorhombic distortions of the martensite lattice cause 
comparatively small variations in orientation relationship which are below the resolution 
of present experimental techniques [88].
4.2.4. The Habit Plane
The habit plane is the plane of contact between parent phase and martensite plate. In 
the absence of extensive deformation in the parent phase adjacent to the martensite plate it
i>[ioo]
FIG.4.5 Schematic respresentation of a groups of four martensite plates forming a self­
accommodating system. The arrows indicate shear directions; the indices refer to the 
b.c.c. parent lattice [126].
may be assumed that the habit plane is not rotated by the shape strain [120,6]. Also, 
metallographic and interferometric evidence indicates that the habit trace is not rotated out 
of the surface by more than a few minutes and, since the habit plane traces represent 
random directions in the habit plane, it follows that lines in the habit plane are essentially 
unrotated. In addition, the observation that scratches crossing the interface ( shown in 
Fig.4.3.) appear to be continuous implies that lines in the habit plane cannot change in 
length by more than a few percent [6]. These observations indicated that the habit plane is 
an undistorted plane and can only differ from an undistorted plane by a uniform distortion 
of not more than a few percent [120].
A frequent feature of (3-type martensite plates is that they tend to grow in groups of 
four [125,126,127]. A group of martensite plates of four different variants is called a 
self-accommodating system, since there are twenty-four variants for one 13-orientation, 
six differently oriented groups can be observed in one (3 grain. A schematic drawing that 
shows the spatial arrangement of the four martensite plate variants is given in Fig.4.5 
[126]. The central junction plane is usually parallel to {110} 0f the parent phase» whereas 
the habit junction planes are closely parallel to the habit plane.
The growth of the self-accommodating systems is favoured over that of individual 
martensite plates because it is associated with lower macroscopic strains thus causing a
lower rate of increase in strain energy during growth [2]. Considering Fig.4.5, the 
plane through [100] b and [011] b is a mirror plane (011)^ of the parent lattice.The arrows
indicate that the shears parallel to [01 l]b compensate each other completely whereas there 
is a residual shear parallel to [100]b. The magnitude of strain due to the shear increase 
with increasing size of the martensite plates such that a group of plates with a shear 
component in the opposite direction is favoured to form. Consequently, a self­
accommodating system contains four "cooperating" martensite variants which combined 
produce essentially a zero net macroscopic shape change [128,129].
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The habit plane normal can be calculated according to the phenomenological theory by 
Wechsler et al. [135], the condition is that an exact knowledge of the lattice parameters of 
parent and martensite phases is required [3].
Generally, if the orientation of the parent crystal has been determined, the habit plane 
can be determined by using the "two surface (or single surface) trace analysis" method. 
Unless the martensite plates are very small, the optical microscopy can be used to 
measure the angles between the traces of a martensite plate and the line defined by the 
intersection of the two prepared surfaces - (this is "two surface trace analysis", the angle 
between the two surfaces is approximate 90°); in order to determine the habit plane. 
When the size of the martensite plate is relatively large, i.e. greater than 0.1 mm in length 
[88], this technique yields good result with an experimental scatter in the habit plane 
position, which is often as low as 1°. When the size of the martensite plates is below 
about 0.1 mm, the accuracy of the method suffers. Transmission electron microscopy can 
be used to determine the habit plane for small martensite plates. In this case, "single 
surface trace analysis" is used by measuring the angles between the different traces of the 
martensite plates in the thin foil specimen and some reference direction. The experimental 
result of the habit plane can be compared with the theoretical prediction in order that the 
crystallographic theories of the martensitic transformation can be tested.
4.3 THE PHENOMENOLOGICAL THEORY
In 1953, Wechsler, Lieberman and Read ( WLR ) [10], and in 1954, Bowles and 
M ackenzie ( BM ) [8,9] independently developed a phenomenological theory. 
Fundamentally the theory is the same in both theories but the mathematical approachs are 
different The WLR theory is based on the fitting-together of the parent and martensite 
structures [64]. According to the same fundamental principles, Bullough and Bilby [130] 
developed a surface dislocation approach. In 1960, Bilby and Frank [131] devised a 
prism-matching analysis in which triangular prismatic structural units of the two phases 
are fitted together at the habit plane [64]. These developments have been reviewed by
W ayman [64], Bilby and Christian [132] and Christian [133]. In the following 
subsections, the Bowles and Mackenzie, and Wechsler, Lieberman and Read theories are 
described
The martensitic transformation proceeds through a cooperative motion of atoms, so 
the interface between the parent and martensite crystals must be highly coherent, and the 
interface should be undistorted and unrotated during the transformation. The most 
obvious feature of the martensitic transformation is the change in shape which appears as 
relief effects on a specimen surface. The shape strain which describes the change in shape 
is an invariant plane strain on the habit plane. Therefore, the starting point of the 
phenomenological theory is consideration of the shape strain ( the invariant plane strain) 
[107].
In general, the shape strain does not describe the deformation of the parent lattice 
into the martensite lattice. It is therefore necessary to describe the additional atom 
displacements to complete the generation of the martensite lattice. Since the additional 
atom displacements produce no further observable change of shape, they can only occur 
homogeneously within submicroscopic volumes having at least the dimensions of the unit 
cell. Therefore, the additional displacements could be described by an additional 
homogeneous strain which is called the complementary strain by Bowles and Mackenzie 
[8], together with some kind of localized inhomogeneity to prevent any accompanying 
microscopic change in shape [7]. The usual assumption that the complementary strain is a 
simple shear allows the accompanying change in shape to be counteracted by slip or 
twinning displacements on planes parallel to the shear plane [8]. Thus at least within 
volumes having the dimensions of a unit cell, the total atom displacements can be 
described by the shape strain and the complementary strain.
Once the nature of the shape strain is proposed and the elements of the 
complementary strain are specified, the relationships between the crystallographic 
properties of the martensitic transformation can be derived.
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The theory by Bowles and Mackenzie is based on the assumption that the shape 
strain can differ from an invariant plane strain by a uniform or non-uniform distortion of 
the habit plane. Therefore, the formulation of them dealt essentially with the lattice 
deformation. The theory by Wechsler, Lieberman and Read assumes that the shape strain 
is exactly an invariant plane strain and that the various transformations can be accounted 
for by different complementary or lattice invariant shears. This formulation deals 
essentially with the shape strain.
4.2.1 The Bowles-Mackenzie Theory
Based on the relationship between the observed geometric and crystallographic 
features of the martensitic transformation, Bowles and Mackenzie [8] assumed that the 
total lattice strain can be expressed in terms of the shape strain followed by a 
complementary strain which is a simple shear on a twinning plane or in a twinning 
direction of the martensite lattice. Therefore, the complementary strain is a part of the 
twinning shear o f the martensite, but this strain must occur inhomogeneously on a 
macroscopic scale. The parent lattice will be converted into an "intermediate" lattice by 
the shape strain, then the "intermediate" lattice will be transformed into the martensite 
lattice by the complementary strain.
The complementary strain P2 is regarded as a combination of shears accompanied 
by localized inhomogeneities which counteract any macroscopic change in shape. These 
localized inhomogeneities leave the martensite lattice unchanged and so can be only slip 
displacements on closely spaced planes parallel with the twinning plane, or a system of 
reverse shears which produce twin orientation.
The general composition of the total lattice strain St is established by the observed 
natures of the component shape and complementary strains and is expressed by the matrix 
equation,
St = (1/5) Pi P2 (4.1)
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where 1/8 is the pure dilatational strain.
In a homogeneous strain, such as the total lattice strain, there is always at least one 
line which is unrotated by the strain and by removing an appropriate dilatation, this line 
can be converted into an invariant line x{, and the total lattice strain St can be converted 
into an invariant line strain S. The invariant line strain S is the resultant of two invariant 
plane strains ( invariant plane strain P i and complementary strain P2) because the line of 
intersection of their invariant planes is obviously invariant throughout So the invariant 
line xi is the direction of intersection of the invariant plane of the strains P i  and P2. The
plane which contains the directions of the two invariant plane strains has an invariant 
normal ni. Therefore, the condition that restricts the nature of the total lattice strain is that 
the twinning shear plane should contain the invariant line and the twinning direction 
should lie in the plane with the invariant normal [8].
If the invariant line strain S is known, it is enabled that the strain S can be resolved 
into two invariant plane strains P i and P2 on arbitrary planes containing the invariant line 
xi by considering the total displacements of vectors or plane normals which are invariant 
in one of the invariant plane strains. The two invariant plane strains P i  and P2 are 
determined uniquely if either the planes or directions of the two strains are specified. 
Then, all other features of the transformation can be specified.
In order to find the total lattice strain St, it is necessary that the correspondence 
between the parent lattice and the martensite lattice is specified. Jaswon and Wheeler 
[122] indicated that the correct correspondence is that which involves the smallest atom 
displacements in the associated strain. This criterion has been confirmed by observed 
superlattices [9] and the positions of interstitial atoms [122] in a number of 
transformations, and sometimes, it can be applied by inspection of the orientation 
relationship [134]. The total lattice strain therefore can be found, if the lattices of the 
parent and the martensite and their relative orientations are known. The accuracy of the 
total lattice strain which can be determined in this way depends upon the accuracy of the
orientation relationship which can be measured. Unfortunately, however, variations in 
orientation within the usual experimental error of about 1/2 degree can sometimes cause 
large movements of unrotated lines and planes. Such that the invariant line of the total 
lattice strain does not lie in the habit plane, so the factorization cannot be carried out
The total lattice strain St can be converted into an invariant line strain S, so the 
strain St can be expressed by
St = RM  (4.2)
or the strain S can be expressed by
S=5RM (4.3)
where R represents the rotation which rotates the principal axes* into their corresponding 
directions in the martensite lattice, and M  represents the pure strain which extends all 
lattice vectors to their final lengths without rotating the principal axes. The strain S can be 
calculated by making use of the relations between the invariant line strain and the initial 
positions of the twinning direction, u, and the normal of the twinning plane, h. Therefore, 
the invariant line x| lies in the plane with normal h and the invariant normal ni lies in the 
plane with normal u. The possible positions of xi and ni within these planes can be 
determined by the condition that their lengths are not changed by the strain S. The further 
condition that xi and ni are not rotated by the strain S determines the pure rotation R.
Since the rotational part R , of S does not change the length of any vector, all 
changes in length must be due to the strain 5M. From this, Bowles and Mackenzie 
indicated that there are four possible ways for choosing to identify the pair of vectors xi 
and n{ [9], but for each combination the rotation R can be uniquely specified. The strain
*The principal axes means a set of orthogonal directions that can be transformed 
into another set of orthogonal directions when a body undergoes a 
homogeneous strain. They can be determined by the correspondence between the 
initial and final lattices.
FIG. 4.6 Stereographic projection showing the orientation of the I and L bases relative 
to the twinning plane normal, h, and the twinning direction, u. The invariant line, x{, and 
the invariant normal, ni, are defined by the angles a  and p, respectively [9].
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8M rotates the vectors x{ and n | without changing both the lengths of them and the angle 
between them so they can always be restored to their original directions by rotation R [9]. 
Since the direction xi and the normal n[ are not rotated by strain S, the required rotation 
R  is that which exactly reverses the rotations of xi and n[ by the strain 5M.
Mackenzie and Bowles [9] found that the calculation of the invariant line strain S can 
be carried out in two steps. The first is to calculate the strain S i which has the specified 
principal axes with their correct principle strains and an invariant line lying in the 
unrotated plane of the complementary strain. This strain S i can only differ from the 
required invariant line strain S by a rotation about the invariant line. Secondly, the 
rotation R i  about the invariant line can be determined by the condition that the invariant 
normal o f the strain S lies in the plane with the twinning direction u, and is specified by 
the angle © through which the plane with the normal to the twinning plane h is rotated by
the strain S. Therefore, the invariant line strain S can be calculated as a function of the 
variable parameter 5.
Mackenzie and Bowles [9] set up the I and L bases in order to calculate the invariant 
line strain S. The I  and L bases are shown in Fig.4.6 [9]. The detail of the calculation is:
¡1 = i2 x ¡3; ¡2 = ii; ¡3 = h; and I i  = xi; 12 = I3 x I i ;  I3 = h.
For these basis vectors, [I; xi ] = [cosa, sina, 0]j;
[L; xi ] = [ 1 0 0 ]L ;
and ( n i ; I) = (cosB, 0, sinB)j.
The product, (jSj)' (jS j), used in determining vectors undistorted by jSj, was shown to
be related to the strain M by the equation
(iSi)' (jS j) = (jT'p) $2 (pMp) (pTj) = G, (4.4)
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where P is the basis defined by the principal axes of the strain M , and p T j is the
orthogonal transformation matrix relating the P and I bases. The matrix G can be 
evaluated as a function of 5 for given lattice parameters, correspondence and plane and 
direction of the complementary shear. The elements of the matrix G and G 'l  are denoted 
by grs and grs*, respectively.
Since the invariant line xi and invariant normal ni are not distorted by jSj, the angles 
a  and B can be determined by the equations
(xi; I) G [I; xi] = 1 (4.5)
( ni; I) G’ 1 P; ni] = 1. (4.6)
If the grs and grs* terms are known, two solutions are obtained for each of a  and B, 
corresponding to four possible invariant line strains.
In the L basis the invariant line strain S has the simple form
L SL =
1 a 12a 13 
0 2-22̂ 23 
0 a32a33
(4.7)
the ars element can be evaluated in terms of a , grs , grs*, and co. co is the angle through 
which the normal to the plane of the lattice invariant strain is rotated. The angle co gives 
two solutions. So, there are two possible directions of the invariant line and two possible 
directions of the invariant normal. Four solutions for the invariant line strain S therefore 
are obtained, they have the same principal axes and principal strains. These solutions are 
designated as the (a+, co+); ( a+, co-); (a-, co+) and (a-, co-) solutions.
W hen twins are generated from the parent by equivalent correspondences in the 
transformation, only two solutions corresponding to the two values of a  are independent, 
and the two solutions, +co and -co, associated with each value of a  define two strains 
which generate a parent orientation and a variant of its twin. Therefore, the twinning
plane is generated from a symmetry plane of the parent and the twinning direction can be 
calculated if the twinning plane is known.
The components of the invariant line strain S are expressed as functions of the grs 
and grs* terms, which are determined by 5M rather than M. 5 is initially unknown, but it 
can be calculated for a particular transformation.
4.3.2. The Wechsler - Lieberman - Read Theory
The basic assumption of the Wechsler - Lieberman - Read [10] theory is that the 
strain energy of the interface between the parent and martensite lattices is a minimum, and 
the shape strain therefore is exactiy an invariant plane strain. In general, the homogeneous 
total strain that describes the distortion of the initial lattice into the final lattice in its 
observed orientation and according to a specified correspondence leaves no plane 
undistorted, so that an additional lattice invariant shear is required. This additional lattice 
invariant shear generates the required undistorted plane and also completes the shape 
change.
For the assumed plane and direction of the lattice invariant shear, Wechsler, 
Lieberman and Read calculated a critical ratio of twin thicknesses or a critical amount of 
slip which have the capability to produce a plane in the parent structure and the plane must 
be macroscopically uhdistorted during the transformation. This plane was identified as the 
habit plane.
The Wechsler - Lieberman - Read theory can be expressed by the matrix equation as:
P l  = St P 2 '1 (4.8)
where P i , St and P2"1 are (3 x 3) matrices, St is the total lattice strain, P i is the shape 
strain and P2'* is the lattice invariant shear. The total lattice strain P i can be resolved as:
P ^ R M P a '1 = RF
4 5
(4.9)
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where R is a rigid body rotation , M is a pure strain and F  (= M  P2~*) is a strain which 
equals the shape strain P  i apart from a rigid body rotation R. Since the lattice invariant 
shear P2"1 is assumed, and the pure strain M  is determined by the lattice parameters and
the correspondence, F  can be evaluated in terms of the unknown magnitude of the lattice 
invariant shear m2.
The determinant equation can be expanded as:
| F F - X 2I | = 0  (4.10)
where X is an eigenvalue of F . So the expansion of the determinant equation produces a 
cubic equation in X^ with m2 as unknown. Then m2 can be calculated by means of the 
sufficient condition that one of the eigenvalues must be unity for F to leave a plane 
undistorted, and then F  can be specified completely.
The original position of the undistorted plane can be defined by that condition that 
R F  does not change the lengths of vectors. The axis and angle of rotation, which are 
necessary for making the undistorted plane also unrotated , can be uniquely determined 
by using the rotation of any two of the vectors by the strain F .* 1 The orientation 
relationship can be defined by the rotation R which restores each plane to its original 
position. The shape strain P i  is determined by RF (= RM  P 2 ). The invariant plane of 
the shape strain P i  is identified as the habit plane, and since the change in shape is 
described as a simple shear on the habit plane and an extension in the direction of the 
normal to the habit plane to account for the volume change, the magnitude of the 
displacement of P i  can be calculated by the displacement, ( P l p l - p i ) ,  where p i is a 
unit vector, and the direction of the displacement of P i  can be determined by the 
displacement of a unit vector p i parallel to the habit plane normal.
* To facilitate these calculations in practice the strain F is referred to bases in which it has 
a relatively simple form.
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Two values of m2 can be derived from the analysis and each value will result in two 
possible habit plane solutions. Therefore, in general, there are four possible solutions that 
are not crystallographically equivalent for the habit plane, though degeneracy of these 
solutions can occur for particular symmetry in the lattice invariant shear system [135]. 
For there to be any real solutions at all, the cone of normals which are not extended by the 
pure strain must intersect the zone of the shear direction and the cone of unextended lines 
must intersect the shear plane** [ 120].
4.3.3 Comments on the Phenomenological Theory
The Bowles - Mackenzie theory assumes that lines in the habit plane are unrotated 
and possibly change in length by a few percent The change in length is identified with a 
uniform dilatation 5 and constitutes the variable parameter. On the other hand, the 
Wechsler - Lieberman - Read theory proposed that the habit plane is a plane of zero 
average macroscopic distortion, in which the lines are unrotated and unchanged in length. 
Therefore, if 5 is unity, these two theories will predict identical results.
The Bowles - Mackenzie and Wechsler - Lieberman - Read theories have been used 
to examine the f.c.c. - b.c.t. transformation and the b.c.c. - orthorhombic transformation. 
Their predictions agree satisfactorily with the experimental results for the (259)f  habit 
plane in steel [10,138] and the transformation in Au-Cd [136,11]. Thus, at least for these 
transformations the assumptions of the theories are consistent with the observation. 
However, by allowing a uniform dilatation with of approximately 1.5%, Bowles - 
Mackenzie theory can also predict the observed (225)f  habit plane in Fe-0.95%C steel, 
but the W echsler - Lieberman - Read theory can not account for this habit plane 
completely because it is assumed that the lattice invariant shear occurs on the martensite 
twinning element and there is no adjustable parameter [9].
5̂6 3fC
These conditions are referred to as "the 1 and m restrictions" [133] and "the existence 
conditions" [134].
4 8
When 5 is close to unity for the transformation, the predictions of the Bowles - 
Mackenzie theory also agree with the orientation relationship and shape strain measured 
for Fe-22%Ni-0,8%C by Greninger and Troiano [137] and with the shape strain 
measured for Fe-31%Ni by Machlin and Cohen [138]. Also, reasonable agreement 
between the predictions and the experimental results have been demonstrated in G13AI; 
Ti; Li and Ti-1 l%M o for the b.c.c. to orthorhombic transformation [136].
The predictions of the Wechsler - Liebermen - Read theory have also been used to 
examine the transformation in Fe-22%Ni-0.8%C. The observed irrational habit plane and 
orientation relationship can be predicated by the theory [120]. The theory has also been 
applied successfully to the transformation in In-Tl alloys [43].
For some transformations a large and questionable dilatation is necessary to produce 
satisfactory agreement between theory and experiment. Smith and Bowles [134] applied 
the Bowles - Mackenzie theory for the ordering transformation in Au-Cd alloy, they 
indicated that the good agreements between the predictions and the experimental results 
can be obtained only if 5 differs from unity. Kelly [139] applied the Bowles - Mackenzie
theory to the f.c.c. to b.c.c. transformation in stainless steel and he indicated that a 
substantial dilatation is required to obtain the best agreement between theory and 
experiment He also pointed out that a complementary shear on the stacking fault system 
is required rather than on the martensite twinning system for the successful interpretation 
of this transformation.
Kennon and Bowles [13] examined the applicability of the phenomenological 
theory to 81 - y i' martensitic transformation in a Cu-14.95%Sn alloy. They measured the 
habit plane, the orientation relationship and the shape strain. These results were compared 
with the predictions first by assuming the complementary strain to be a simple shear on 
the martensite twinning system, and secondly by using the measured habit plane to derive 
a complementary strain, orientation relationship and displacement direction. They 
concluded that the complementary strain does not appear to be a simple shear, and that it
may be a combination of twinning shears or a combination of a stacking fault shear and a 
twinning shear.
The conclusion of this section is that the phenomenological theory is in reasonable 
agreement with experimental results for the crystallographic features for a number of 
martensitic transformations.
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CHAPTER 5
EXPERIMENTAL ASPECTS OF THE 
CRYSTALLOGRAPHY OF THE MARTENSITIC
TRANSFORMATION
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5.1. INTRODUCTION
During the last thirty years considerable experimental and theoretical progress has 
been made in the understanding of the geometrical and crystallographic features of the 
martensitic transformation.
The experimental investigation of the crystallographic features of the martensitic 
transformation, such as: the correspondence between the parent and martensite lattices; 
the orientation relationship; the habit plane; the shape strain and the lattice invariant shear 
etc., general are made for two related purposes. The first is to determine the various items 
which are used as the "input data" in the crystallographic theories of the martensitic 
transformation. The second is to compare the theoretical predictions - which are the 
"output data" - with the experimental results in order that the validity of the 
crystallographic theories can be assessed.
The "input data" are involved as following:
(i) The crystal structure and the lattice parameters of the parent and martensite phases. The 
most common method used to determine these data is X-ray diffraction from 
polycrystalline or powder specimens. Electron diffraction can also be used to determine 
these data, but its accuracy is less than that of X-ray diffraction in the determination of the 
lattice parameters. However, electron diffraction may be more useful than X-ray 
diffraction in the determination of crystal structure for very imperfect or heavily faulted 
structures [88].
(ii) The lattice invariant shear, including the magnitude of the lattice invariant shear; the 
plane of the lattice invariant shear and the direction of the lattice invariant shear. The plane 
of the lattice invariant shear can be determined by metallographic analysis coupled with 
X-ray diffraction or electron diffraction. Then the direction of the lattice invariant shear 
may be deduced from the surface displacements caused by the twins or the slips which 
can be measured by using optical microscopy or electron microscopy [88]. The 
magnitude of the lattice invariant shear is not very easy to estimate experimentally. For
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some martensitic transformations, it is possible to calculate the magnitude by a derived 
equation [140,141,142]*.
The "output data" are as follows:
(i) The orientation relationship between the parent and martensite structures. These data 
can be determined by using X-ray diffraction or electron diffraction. The details of these 
methods are described in Section 4.2.3.
(ii) The habit plane can be determined by trace analysis of the interface (habit plane) 
between the parent and martensite phase in optical micrographs or electron micrographs. 
This method is described in Section 4.2.4.
(iii) The direction and the magnitude of the shape strain. As indicated in Section 4.2.2, 
the direction and magnitude of the shape strain can be determined by using optical 
microscopy and / or interference microscopy .
The experimental aspect of crystallography of the martensitic transformation is very 
intimately linked with the theoretical treatment of the transformation. In fac t, a number of 
the initial assumptions of the phenomenological theory are derived from experimental 
observations. Consequently, the phenomenological theory should be applicable to any 
martensitic transformation which is accompanied by a change in shape corresponding to a 
homogeneous strain.
5.2 COM PA RISON OF THE THEORETICAL PREDICTIONS AND 
EXPERIM ENTAL MEASUREMENTS OF VARIOUS CRYSTALLOGRAPHIC 
FEATURES OF THE P i TO P i ’ TRANSFORMATION IN COPPER-BASED
ALLOYS
* For example, Kajiwara [141] indicated that for the case of the Pi to 9R martensitic 
transformation, the magnitude of the lattice invariant shear is related to the fault 
parameters, a  and p, where a  is associated with the cubic type stacking fault and P is 
associated with the hexagonal type stacking fault. If a  and p can be obtained by 
experimental measurement, the magnitude of the lattice invariant shear can be easily 
estimated.
The theoretical predictions of the crystallographic features of p i to (31 ’ martensitic 
transformation in copper - based alloys are compared with reported experimental results 
in this section. Many reports of experimental investigations and theoretical predictions of 
various crystallographic features of the martensitic transformations in copper-based shape 
memory alloys have been published during the last thirty years. In order that the 
experimental results can be compared with the theoretical predictions for the 
crystallographic features of specific copper-based shape memory alloys, a summary is 
given in Table 5.1. This Table collects published experimental data and theoretical 
predictions for the crystal structure; lattice parameters; habit plane; orientation 
relationship; direction of the shape strain; magnitude of the shape strain; plane of the 
lattice invariant shear; direction of the lattice invariant shear and the magnitude of the 
lattice invariant shear.
Table 5.1. shows that for alloys of different compositions in the same alloy system, 
the martensitic transformation is characterized by different crystallographic data.
From Table 5.1, it can be seen that for different copper-based shape memory alloy 
systems the theoretical predictions are generally in good agreement with the experimental 
results. For example, Kubo and Hirano [149] compared the theoretical predictions with 
the experimental results of the crystallographic features of (3i (B2) to Pi'(9R) martensitic 
transformation in Cu-38.8wt%Zn alloy system ( Table 5.1).
In this work the angle between the theoretical habit plane normal and the experimental 
one is 2°59’[149]. The limit of the experimental error was 2°, but the discrepancy may be 
explained by considering the accuracy of the lattice parameters. In order to obtain reliable 
solutions for the habit plane normal, etc , the lattice parameters of the parent and 
martensite phases must be known as accurately as possible. However, the lattice 
parameters have been obtained experimentally only to an accuracy of about 0.3 per cent, 
so the theoretical values could contain errors of about the same amount. Considering this 
error, Kubo and Hirano thought that the predicted habit plane normal could be adjusted 
to (0.7391 -0.1315 0.6606)fti and in this case, the angle between the theoretical habit
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TABLE 5.1 CRYSTALLOGRAPHIC FEATURES FOR pj TO Pi 
MARTENSITIC TRANSFORMATION IN COPPER ALLOYS
COMPOSITION 11.0w t% A l > 11 .0w t% A l 11.6w t% A l 11.9w t% A l
CRYSTAL
STRUCTURE ß l  - ßi* ß l - ß l ' ( 9 R ) ßl(DC>3)-
ßl'(IX)22)
ß l  - ß i ’
LATTICE
PA R A M E T E R S^) 2 .9 5 Â 2 .9 1Â 2 .9 8 À
LATTICE
PARAMETERiPi1)
a = 3 .6 7 6 Ä  
c = 7 .3 5 2 Â
LATTICE 
INVARIANT 
SHEAR PLANE (E)
( H 2 ) ß i
LATTICE 
INVARIANT 
SHEAR PLANE m ( H D ß r { l l l } ß l *
LATTICE
INVARIANT SHEAR 
DIRECTION (E)
v 6 u  “ Ib i
LATTICE
INVARIANT SHEAR 
DIRECTION (T)
[ H 2 ] ß l . < n 2 > ß f
LATTICE
INVARIANT SHEAR 
MAGNITUDE (E)
LATTICE
INVARIANT SHEAR 
MAGNITUDE (T) 0 .251
ORIENTATION
RELATIONSHIP© (1 1 0 ) ß 1 //(1 2 8 )ß l .
[1 1 1 ] B 1 //[2 1 0 ]B1.
ORIENTATION
RELATTONSHIP(T)
(0 0 1 8 )ß i':4 °1 5 '  
aw ay from  (1 1 0 )ß i  
(1 2 8 )B r //(1 0 1 )B1 
(3 2 0 )ß l . / / ( l l l ) ß l
HABIT PLANE (E) 2 °fr o m (1 3 3 )ß i {1 1 0 }ß l
HABIT PLANE (T)
(-0 .1 7 9 1 ,0 .7 2 5 2 ,
0 .6 6 4 8 )ß i
(-0 .1 7 9 1 ,0 .7 2 5 2 ,
0 .6 6 4 8 )ß i {0 1 1 }ß l
DIRECTION OF 
SHAPE STRAIN (E)
DIRECTION OF 
SHAPE STRAIN (T)
MAGNITUDE OF 
SHAPE STRAIN (E)
MAGNITUDE OF 
SHAPE STRAIN (E)
REFERENCES 103, 124, 144 103, 110 126 2, 78
NOTE: (E) is experimental data. (T) is theoretical prediction.
TABLE 5.1 (Continued)
COMPOSITION 12.05wt%Al 12.6wt%Al (ll-13)wt% Al (11.03-
13.01)wt%Al
CRYSTAL
STRUCTURE ß l - ß l ' ( 9 R ) B l - B l * Bi (DC>3)-Bi '(9R) ß l - ß i ’ (9R)
LATTICE
PARAM ETERS^) 2.920Â
2.91Ä
LATTICE
P A R A M E T E R ^
a = 4.494Ä  
b = 2.597Â  
c = 19.10Â
a = 4.49Â  
b = 5.19À  
c = 38.2À
a=(4.49-4.50)Ä 
b=(2.59-2.60)À  
c = 19.06À
LATTICE 
INVARIANT 
SHEAR PLANE (El (0001)
LATTICE 
INVARIANT 
SHEAR PLANE IT)
LATTICE
INVARIANT SHEAR 
DIRECTION (E)
LATTICE
INVARIANT SHEAR 
DIRECTION (T)
LATTICE
INVARIANT SHEAR 
MAGNTTUDEfE)
LATTICE
INVARIANT SHEAR 
MAGNITUDE (T)
-0.0094
ORIENTATION
RELATIONSHIP(E)
(110)b i :4 °  away 
from (011)Br  
[010]fti':6o away 
from[100]Bl.
(110) b i :4 °  away 
from (OOOl)Bl'.
-  0
(111) f l i : 4  away
from [1120]fli'
t n i ] ß l //[TiO]9R
(011)ß l //(114)9R
ORIENTATION 
RELATIONSHIP (T)
[ l f l ] B1//[ïlO ]9R 
(011)gj //(114) 9r
HABIT PLANE (E) 2°from(133)Bl 2°from(133)ßi
HABIT PLANE (T) (0.1720, 0.6529, 
0.7377)ßi
(0.1786, 0.6628, 
0.727 l)ßi
DIRECTION OF 
SHAPE STRAIN (E)
DIRECTION OF 
SHAPE STRAIN (T)
(0.1609, -0.7448, 
0.6476)ßi
MAGNITUDE OF 
SHAPE STRAIN (E)
MAGNITUDE OF 
SHAPE STRAIN (T) 0.2324
REFERENCE 150, 151 2, 118, 78, 147 102, 118, 141, 
145, 146
150, 148
NOTE: (E) is experimental data. (T) is theoretical prediction.
TABLE 5,1 ( Continued)
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COMPOSITION Cu-(11.03-
13.01)wt%Al
Cu-38.6wt%Zn Cu-38.8wt%Zn 39.3wt%Zn
CRYSTAL
STRUCTURE ß l - ß l ' ( 9 R ) ß l - ß i ’ (9R) Bi (B 2)-B i '(9R) ß l - ß l ’ (9R)
LATTICE
PA R A M ETER S^) 2.920Â 2.930À (2 .9 3 -2 .9 4 )A 2.94Â
LATTICE
PARAM ETER^!1)
a = 4 .4 9 4 Ä  
b = 2.597Â  
c = 19 .10À
a=(4.41-4.44)Ä
b=(2.64-2.68)Â
c= (1 9 .1 9 -1 9 .2 1 )À
ß=88.5°-89.0°
a = 4.46 A  
b = 2.67 A  
c = 19.3A  
6 =  89°
a = 4.46Â  
b = 2.67 À 
c = 19.3À 
ß = 89°
LAI llCE  
INVARIANT 
SHEAR PLANE (E) (H 0)B 1
LATTICE 
INVARIANT 
SHEAR PLANE (T)
LATTICE
INVARIANT SHEAR 
DIRECTION (E)
[110]B1
[110]Bi
LATTICE
INVARIANT SHEAR 
DIRECTION (T)
LATTICE
INVARIANT SHEAR 
MAGNITUDE (E)
0.005 -0.002; 
0.010
LATTICE
INVARIANT SHEAR 
MAGNITUDE (T)
0.0189 0.0060 - 0.0029 0.0023; 0.0048 0.0031
ORIENTATION
RELATTONSHIP(E)
[ i i i ] ß l / / [ n o ] 9R
( 0 U ) ß l / / ( 1 1 4 ) 9R  
[010 ]ß l //[0 1 0 ]9R  
(1 0 0 )ß l  //( 104) 9R
[ l l l ] B1//[110]6 r
(1 1 0 )b i :4 °  aw ay  
f io m  (OOl)Bl' 
[OOUBl// [O lO lBl’ 
(1 0 0 )b i / / (1 0 4 )b v
ORIENTATION
RELATIONSHIP(r)
[ l l l ] ß l / / [ I l0 ]9R
(01 l ) ß l  //(114) 9r
[ l l l ] g l : 44' away 
from[110]gi' 
( H 0 ) B i: 4 ° 2 r  awa) 
fr o m (0 0 1 )B r
[001J61:2°48' 
away
from [010]Br 
(100)b i :44' away 
from (104)61’
HABIT PLANE (E) (0.126, 0.683, 
0.720)ßi
(0 .7 1 9 1 , 45 .1271, 
0 .6 8 3 2 )b i
HABIT PLANE (T) (0.1786, 0.6733, 
0.7174)ßl
(0.1325, 0.6828, 
0.7185)ßi
(0.7555, -0.1240, 
0.6433)61
(0.1309, 0.6619, 
0.7381)81
DIRECTION OF 
SHAPE STRAIN (E)
±6° to (0.041, 
-0 .716,0 .698)61
(0.6915, -0.0905, 
-0-7165)61
DIRECTION OF 
SHAPE STRAIN (T)
(0.1196, -0.7544, 
0.6458)61
(0.6995, -0.1148, 
-0.7054)61
MAGNITUDE OF 
SHAPE STRAIN (E)
MAGNITUDE OF 
SHAPE STRAIN (T) 0.2024 0.202
REFERENCE 150, 149 150, 154 76, 110, 142, 144, 
149, 153
150, 149
NOTE: (E) is experimental data. (T) is theoretical prediction.
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TABLE 5-1 (Continued)
COMPOSITION Cu-(29.0-
40.0)wt%Zn
Cu-24.5wt%Sn Cu-14.2wt%Al-
4.3wt%Ni
Cu-14.2wt%Al-
4.3wt%Ni
CRYSTAL
STRUCTURE ß ( B 2 ) -ß l ' (9 R ) Bi (D 03)- Bi '(18R) Bi (DC>3)-Bi '(18R) B i - B i '  (18R)
LATTICE
PA R A M ETER S^) 2.930À 6.0378Â 5.836Â 5.836Â
LATTICE
PARAMETER(p1’)
a = 4.558Â  
b = 5.402Â  
c = 39.22À
a = 4.382Â  
b = 5.356Â  
c = 38.00Â
a = 4.382Â  
b = 5.356À  
c = 38.00À
LATTICE 
INVARIANT 
SHEAR PLANE (E)
(0001) (101)B1
LATTICE 
INVARIANT 
SHEAR PLANE (T)
(101)81
LATTICE
INVARIANT SHEAR 
DIRECTION (E)
[Î01]B1
LATTICE
INVARIANT SHEAR 
DIRECTION m
[Toi]B1
LATTICE
INVARIANT SHEAR 
M A G N IT U D E S 0.11541
LATTICE
INVARIANT SHEAR 
MAGNITUDE (T) 0.072714
ORIENTATION
RELATIONSHIPS
(0 0 i)ß i//(i0 4 )ßr
[0 i0 ]ß i//[0 i0 ]ß r
(0Tl)B1//(Ï2 8 )6 r
[ l l l ] B1//[210]B r
(011)B1//( l2 8 )6 r
[ l l l ] B1//[210]Br
(110)B1//(128)Br
[ l l l ] B1//[110]Br
ORIENTATION
RELATTONSHIP(T)
;011)gl : 1.21^ awa> 
from (128)gi'
; i l l ] B1 : 0 .3 8 ^ awa> 
from [210] g y
(011)g! : 1.03^ awa) 
from (128)gi
[ l l l ] £ j  : 0.46^ awaj 
from [210] £ i
(155)r! with 
scatter.
HABIT PLANE (E)
(155)ßl; (166)ßl; 
(169)ßi
(Ï44)fil (155)81 widi 
scatter {110)B1
HABIT PLANE (T) (-0.17638, - 
Q.71792,0.67341)f$i
(-0.15522, - 
0.68313,0.71362)81
DIRECTION OF 
SHAPE STRAIN (E)
DIRECTION OF 
SHAPE STRAIN (T)
(-0.15781,
0.78236,0.60250)81
(-0.14245,
0.74215,0.65492)81
MAGNITUDE OF 
SHAPE STRAIN S
MAGNITUDE OF 
SHAPE STRAIN (T) 0.19506 0.168949
REFERENCE 55, 76. 155. 156 157, 158 64, 117, 136, 159 78, 79,109
NOTE: (E) is experimental data (T) is theoretical prediction.
TABLE 5.1 (Continued)
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COMPOSITION Cu-14.2wt%Al-
4.3wt%Ni
Cu-14.5wt%Al-
4.4wt%Zn
Cu-34.9wt%Zn-
1.6wt%Al
Cu-20.6wt%Zn-
13.5wt%Ga
CRYSTAL
STRUCTURE Bi (D03)-Bi ’(18R) ß l - ß i ’ ß l(B 2)-ß l’(M9R) ß lP 0 3 ) -
ß l ’(M18R)
LATTICE
PARAM ETERS©) 5.386Â 5.386Â 5.86À
LATTICE
PARAM ETER©’)
a = 4.382Â  
c = 5.356Â  
c = 38.00Â
a = 4.382Ä  
c = 5.356À  
c = 38.00Â
a = 4.40Ä  
b = 5.33À  
c = 36.22Â  
ß = 88°20'
LATTICE 
INVARIANT 
SHEAR PLANE (E)
(Tl4)B r
LATTICE 
INVARIANT 
SHEAR PLANE m
[5 9 i]ß r
LATTICE
INVARIANT SHEAR 
DIRECTION (E)
LATTICE
INVARIANT SHEAR 
DIRECTION (T)
LATTICE
INVARIANT SHEAR 
MAGNITUDE (E)
LATTICE
INVARIANT SHEAR 
MAGNITUDE (T)
ORIENTATION
RELATIONSHIP©
( 0 l l ) B1//(Î2 8 )Br 
[1 H ]B1 //[292] Bi *
In thin film: 
(001)Br:1 .5 °  away 
from (101)Bi
[o io ]Br / / [o io ]Bi
ORIENTATION
RELATIONSHIPm
HABIT PLANE (E) (Ï5 5 )b i (441}ßi (12,2,1 l } Bi (155)ßi
HABIT PLANE (T)
(l,4 .86 ,4 .86}ß i
DIRECTION OF 
SHAPE STRAIN (E)
DIRECTION OF 
SHAPE STRAIN (T)
MAGNITUDE OF 
SHAPE STRAIN (E)
MAGNITUDE OF 
SHAPE STRAIN (T)
REFERENCE 167,79 160 161 111,119, 162
NOTE: (E) is experimental data. (T) is theoretical prediction.
plane normal and the experimental one is only 1°41' which is within the limit of the 
experimental error.
The discrepancy between the theoretical prediction and the experimental result for the 
direction of the shape strain was 1°14', so it is within the limit of the experimental error. 
The discrepancy between the theoretical prediction and the experimental result of the 
magnitude of the shape strain has been determined as 35', and is also within the limit of 
the experimental error.
Table 5.1 shows that for this Cu-Zn alloy two kinds of experimental results for the 
orientation relationship were obtained - one by X-ray diffraction and the other by electron 
diffraction. The electron diffraction result showed a large discrepancy (about 4°2T) 
between the theoretical prediction and the experimental results. This discrepancy may 
partly be attributed to experimental error, because electron beams deviating by several 
degrees from the exact Bragg angle can give rise to the some diffraction pattern.
Table 5.1. indicates data for Cu-Al, Cu-Zn, Cu-Sn, Cu-Al-Ni, Cu-Zn-Al and the Cu- 
Zn-G a alloy systems. There is generally in good agreement between predictions and 
experimental measurements. Although the majority of theoretical predictions have been 
confirmed by experimental results, it does not follow that the crystallographic theory is 
correct in explaining all known crystallographic aspects of every martensitic 
transformation . There are certain conflicts between theory and experiment in some 
transformations. To account for the relatively few instances where predictions and 
experiments disagree may merely be a question of a slight adjustment of the basic 
assumptions of the theory to include some special case or a change in the input data.
It has been pointed out from Table 5.1 that the experimental measurements are 
presently few and insufficient to test the crystallographic theory. Therefore, it is important 
to do more experimental work for the investigation of the crystallographic features of the 
martensitic transformation, in order that the crystallographic theories of the martensitic
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transformation can be verified, and improved and developed so that the calculated 
quantities are in better agreement with the experimental results.
The main purpose of the present work was to investigate the crystallographic features 
(namely the junction planes, the habit planes, the habit junction plane and the lattice 
parameters) of p i  to p i ' martensitic transformation in a copper-based shape memory alloy. 
The experimental measurements are used to assess the accuracy of a new method for (31 
grain orientation determination which is based on analysis of junction planes to determine 
the habit planes and other junction planes. The experimental measurements are then 
compared with the predictions of the phenomenological theory.
6 1
PART B
EXPERIMENTAL WORK
CHAPTER 6
INTRODUCTION
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The shape memory effect is generally associated with a thermoelastic martensitic 
transformation. A common feature of martensite plates in Pi' shape memory alloys is self
- accommodating plate units, which consist of four martensite variants with habit plane 
normals clustered about one of the six {110} poles of the parent phase. For copper - 
based shape memory alloys, some uncertainty exists about the dominant morphology of 
the plate groups which form on cooling: a "diamond" shaped four plate cluster [129] and 
a "spear" or "chevron" shaped grouping [74] have both been suggested as the 
characteristic group morphology. A potential means of resolving these conflicting 
proposals is by measurement of the relative frequencies of the three major martensite plate 
junction planes: {110}^, {100}^ and the {155}^ habit plane junction.
In the present work, the P i' martensite morphology has been examined and the 
relative frequencies of the crystallographically different kinds of junction planes have 
been determined by using quantitative metallography for pi' martensite in a Cu - A1 - Ni
- Mn shape memory alloy.
Transformation temperatures and the transformation temperature range have been 
investigated by using DSC and metallographic observations, particularly for the pi' to pi 
reverse transformation. Also, the preferred site for nucleation of the pi phase has been 
studied in the present work.
The main part of the present work is an investigation of the crystallography of Pi to 
P i' martensitic transformation in a Cu - A1 - Ni - Mn shape memory alloy. A new
method, junction plane trace analysis, which is based on the experimental finding 
(see  Table5 .1 )  that the (O ll)pi plane is parallel to the (128)pr  plane of the 18R
structure and is therefore an unrotated plane in the transformation [78,79,157,158,167], 
has been used to determine the prior pi grain orientation. This information then can be 
used to express other crystallographic measurements such as: the habit plane normal and 
the habit junction plane normal, in terms of the parent grain orientation.
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The basic assumption in using this method is therefore that the junction plane of a four 
plate self accommodating martensite group is precisely a {110} plane of the parent phase. 
If  two or three different {110}^ plane normals can be determined within a single grain 
and the measured normals are mutually consistent in terms of angular separation, then the 
prior p i gram orientation can be calculated. Given the parameter grain orientation, 
measured habit plane normals and the habit junction plane normals can be expressed in 
terms of the parent orientation.
The lattice parameters of the parent and martensite phases have been determined by X 
- ray diffraction to allow crystallographic predictions based on the Bowles - Mackenzie 
phenomenological theory. Finally, the experimental results have been compared with the 
crystallographic predictions of the theory.
The experimental techniques used to obtain the experimental data are described in 
Chapter 7, and the method used to determine the p i grain orientation is outlined in 
Chapter 8. The experimental results and their discussion are presented in Chapter 9. 
Finally, the conclusions of the present work are given in Chapter 10.
CHAPTER 7
EXPERIMENTAL PROCEDURES
FIG. 7.1 Phase diagram for Cu - A1 binary system [163].
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FIG. 7.2 DSC curve ( 10°C / min ) showing Ms and Mf temperature for p i to Pi' 
martensitic transformation in a Cu - 11.8wt%Al - 4.0wt%Ni - 4.0wt%Mn alloy.
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The experimental procedures used to obtain precise crystallographic data for the b.c.c. 
(3l to P i’ martensite forward and reverse transformation in a Cu - A1 - Ni - Mn shape 
memory alloy are described in this chapter.
Metallographic methods were used to measure and to determine the normal of the 
habit plane in the alloy. The orientation of the prior p! grain was determined by the 
analysis o f the crystallography of junction planes. The lattice parameters of the Pi 
austenite and p i' martensite phases were determined using x-ray diffraction techniques. 
The relative frequencies of the crystallographically different kinds of junction planes 
between the martensite plates were estimated by quantitative metallography.
7.1. SPECIMEN PREPARATION.
7.1.1. The Forward pi to Pi' Martensitic Transformation
Specimens, approximately 10mm x 4mm x 1mm were cut from the alloy in the form 
of hot rolled strip alloy with composition Cu - 11.8wt%Al - 4.0wt%Ni - 4.0wt%Mn.
The martensitic transformation of this alloy is basically the same as in the Cu - A1 
binary system. According to the phase diagram for the Cu - A1 binary system [163], 
which is shown in Fig.7.1, the higher temperature parent phase is disordered b.c.c.( P ). 
If a specimen is rapidly quenched from a p single phase region, martensite is induced
when the temperature is below Ms, and the crystal structure of the martensite depends 
on the A1 concentration. For alloys containing more than llw t% A l, the disordered p 
phase will order at the order - disorder transformation temperature Tc [101], which is 
between the eutectoid transformation temperature and M s. Superlattice formation occurs 
during the quench and prior to the formation of martensite. The martensitic phase inherits 
order from the parent phase [64] and has a DO3 type structure which is designated as pi' 
with an 18R type structure. The Ms temperature of this alloy was determined by means of 
differential scanning calorimetry. M s was found to be about 46°C for the first controlled 
cooling cycle (Fig. 7.2).
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Specimens were heated to 910°C in a Carbolite furnace for 2.25 hours to produce a 
homogenized large grained B - phase structure , then were quenched in cold water (about 
20°C) to obtain the p i' martensite phase. Each specimen was mounted using Araldite 
(resin plus hardener) at room temperature. The top surface of each specimen was then 
prepared by grinding and mechanical polishing on a napless cloth charged with 4 pm 
diamond for rough polishing and 1 pm  diamond for final polishing. While the procedure 
adopted did not produce a scratch - free metallographic surface, the finish was acceptable 
and allowed a flat surface to be obtained. Each specimen was then electro - polished in a 
saturated solution of chromium trioxide and phosphoric acid for 10 - 15 seconds at 10 
volts at room temperature to enhance the finish and to enable the microstructure to be 
examined using a polarized light microscope.
Each specimen was examined by means of the polarized light microscope to find a 
suitable grain ( involving three different junction planes). The specimens were then cut 
along a selected direction to establish a section surface at about 90° to the original surface. 
As for the top surface, the section surface of each specimen was prepared by grinding and 
careful mechanical polishing on napless cloths charged with 4 pm  and 1 pm diamond 
powder. During the preparation of the section surface, it was essential to polish 
unidirectionally by trailing the edge to secure and maintain sharpness of the interfacial 
edge. Polishing in this way prevents rounding of the edge which takes place during 
preparation by conventional means. Finally, the section surface was carefully electro - 
polished as described above to enhance the surface finish without destroying the quality 
of the sharpness of the interfacial edge.
Specimens prepared in this way were used for measurements of the traces of junction 
planes and habit junction planes, for habit plane trace measurements and for the analysis 
of the relative frequencies of the ciystallographically different kinds of junction planes.
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7.1.2. The Reverse p i' to Pi Transformation
Specimens, approximately 10mm x 10mm x 1mm, were heated to 910°C in a 
furnace for 1 hour to produce a homogenized large grained P - phase structure, then 
quenched in cold water ( about 20°C ) to obtain the fully Pi' martensitic phase. The large 
surface of the specimen was prepared by grinding on 240#, 320#, 400#, 600#, 1200# 
and 4000# SiC paper, and mechanical polishing on napless cloth charged with ljim  
diamond powder. In order to reduce residual scratches, the specimen was then polished 
on napped cloth charged with colloidal silica polishing suspension. Finally, the specimen 
was electro - polished in the manner described in Section 7.1.1.
Two reversion cycles were used for examining the reverse pi' to pi transformation. 
After the first reversion cycle, the specimen was carefully reground on 1200# and 4000# 
SiC papers to remove surface relief associated with the first reversion cycle, then 
carefully repolished in the same way as for surface preparation for the first cycle of the 
reverse p i' to p i transformation.
During the first polish and the repolishing procedures it was critical that the surface 
being polished was maintained at ambient temperature to obviate any possibility of 
premature reverse transformation.
The p i' to p i reverse transformation was observed under a Leitz MM6 Widefield 
Metallographic Microscope using a small resistance heating attachment A series of optical 
micrographs was taken in bright field illumination with changing temperature for each 
reversion cycle . The specimen heater was controlled by a transformer and it could be 
used to keep the specimens at any specified temperature.
The specimens which were prepared for DSC analysis for the p i' to p i reverse 
transformation were cut into small rectangular prisms with a mass of about 38 mg. 
Following a heat - treatment of 1 hour at 910°C, these specimens were quenched in cold
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water. Both reversion cycles were monitored by a Mettler DSC 30 at 10°C/min between 
0°C and 115°C.
7.2. METALLOGRAPfflC MEASUREMENTS.
Metallographic methods were used to measure the traces of junction planes, habit 
junction planes of Pi' martensite four - plate variant groups and the traces of habit planes 
on the relief surface. From these data the pi grain orientation and habit junction and habit
plane norm als were calculated. In addition, the relative frequencies of the 
crystallographically different kinds of junction planes in one four-plate martensite cluster 
were determined.
7.2.1. Trace Measurements
7.2.1.1. Junction Plane Trace and Habit Junction Plane Trace Measurement
The junction plane is the plane that is the common interface of a four - martensite plate 
variant cluster. It corresponds to a {110} plane in the parent phase and has been found 
experimentally [78,79] to be unrotated by the transformation.
A problem with the experimental analysis of the pi to pi' martensitic transformation 
is that it usually occurs above room temperature, so that the orientation of the parent pi 
grain or crystal is difficult to determine. Although the Laue X-ray diffraction method may 
be used for very coarse grains at a temperature above A f , this temperature is usually 
higher than 100°C, complicating the experimental procedure. A new method has been 
used in the present work to solve this problem. It is based on the knowledge that one of 
the junction planes in a four - martensite plate cluster is precisely a {110}pi plane. If two 
different {110}pi junction plane normals can be determined within a single grain, the 
orientation can be calculated.
In order that the orientation of the Pi grain can be determined more accurately, grains 
that contained three different junction plane traces were chosen for analysis. The relative
Reference surface
Specimen reference edge 
Section surface
FIG. 7.3 Matched up photomicrographs of two surfaces showing the traces of junction 
planes and habit junction planes . A is the junction plane trace, B and C are the habit 
junction plane traces. The specimen reference edge is indicated. Unetched, Polarized 
light, 128X.
positions of the three kinds of junction plane traces were determined by angular measurements in 
two surfaces with respect to the specimen reference edge. The junction plane trace in two surfaces 
is shown in Fig. 7.3. The measurements were made on a rotating stage of a Leitz MM6 Widefield 
Metallographic Microscope using polarized light in order to distinguish the four martensite plates 
in a cluster by means of the different colours that they displayed. The rotating stage was calibrated 
to 0.1°. The range of angular measurements of any one line was approximately 0.5° and the 
estimated error of measurement of traces in each surface with respect to the reference edge was 
±0.5° [90].
The angle between the two surfaces of each specimen was measured using a Unicam S25 
Single Crystal Goniometer with an estimated error of approximately 0.05°.
The plane that is the interface between two nearly parallel martensite plate variants is called the 
habit junction plane and is a plane of two - fold symmetry {h k k}pi. Therefore, there are two 
different habit junction planes between martensite plates in a four - plates cluster ( see Fig. 7.3 ). 
After the measurement of three different {110}pi junction planes within a single grain in two 
surfaces, the different {h k k}pi habit junction plane traces were also measured for the same grain 
in two surfaces as for the junction plane measurement. The junction plane normals can be referred 
to the crystal basis using the prior pi grain orientation through a transformation matrix relating the 
crystal axes and the set of orthonormal reference axes defining the specimen geometry .
7.2.1.2. Habit Plane Trace Measurements
The habit planes were determined by means of the relief effects generated in reverse pi to pi' 
transformation* . The specimens that had been used to measure the junction plane and habit 
junction plane traces were heated by using a small heater to allow part of the martensite phase to 
reverse back to parent phase, clearly revealing the habit plane trace. The relief effects were 
examined using a Leitz MM6 Widefield Metallographic Microscope and matching micrographs 
were taken in the two surfaces of each specimen using bright field illumination for a grain with 
known orientation. The habit plane traces
* The equivalence o f  the shape strains o f the forward and reverse transformations has been established for the Pi to 
Yl’ transformation in Cu-Al-Ni by Ferry et al [177]. It has therefore been assumed that the habit planes established 
in the forward and reverse transformations are the same.
Reference surface
Specimen reference edge ^
Section surface
FIG. 7.4 Matched up photomicrographs of two surfaces showing the traces of habit
planes on two specimen surfaces, A, B and C are habit plane traces. The specimen
reference edge is indicated. Unetched, Oblique illumination, 128X.
FIG. 7.5 Diagram showing three different junction plane traces in the two surfaces at an angle of
( 180 - p  Q ) ° The angular measurements defining the normal of the junction planes are made 
relative to the orthonormal basis I, in which Ii is a unit vector parallel to the inter-section of 
the two surfaces. I 3 is a unit vector parallel to the normal to the top surface, and I2  =1 3 X Ii • 
. The angles are measured anticlockwise from I ̂ .
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were then measured from the matching photographs. The relief effects and habit plane 
traces in two surfaces are shown in Fig.7.4. The dark bands matched in two surfaces are 
plates of parent phase formed by partial reversion. For each four - martensite plate 
cluster, four different habit plane traces were measured. These traces were also 
determined by angular measurements with respect to the specimen reference edge using 
photomicrographs. The protractor that was used to measure the angles between the traces 
in the two surfaces and the specimen reference edge was calibrated to 0.5°. The range of 
angular measurements of any one line was approximately 0.5° and the estimated error 
using this process was ±1° . The habit plane normals were referred to the crystal basis by 
using the transformation matrix.
7.2.2. Grain Orientation Determination.
The parent pi grain orientations were determined using the " twin - vestiges " method 
that was devised originally by Greninger and Troiano [164]. However, in this case the 
traces of {11 l}p twin planes were replaced by {110}pi junction plane traces. The three 
measured junction plane traces within a single grain in the two surfaces of the specimen 
were analysed by stereographic projection and matrix algebra to determine the orientation 
of the grain with respect to an experimental reference basis. The experimental basis used 
in the present work and the conventions and terminology adopted in measuring traces of 
{110}pi junction planes are illustrated in Fig. 7.5.
The relationship between the (100) axes of the parent crystal ( the C basis ) and the 
experimental basis ( I ) can be expressed conveniently by a ( 3 X 3 ) orthogonal 
transformation matrix,
R = lT c .  (7 . 1)
where the successive columns of R are the base vectors [100]c, [010]c and [001]c 
referred to the I basis. The inverse matrix,
R - i  =  R ' =  C T i (7 . 2)
t e m p e r a t u r e  ° c H E A T  F L O U  
E X O T H E R M A L
FIG. 7.6 DSC curve ( 10°C / min ) showing A$ and Af temperature for p i ' to pi 
reverse transformation in a Cu - 11.8wt%Al - 4.0wt%Ni - 4.0wt%Mn alloy.
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permitted crystallographic identities to be assigned to directions and normals measured 
with respect to the I basis.
For two junction plane trace measurements, the grain orientation can be uniquely 
determined if the two {110}pi normals are separated by 90°. If the two {110}pi normals 
are separated by 60°, then the orientation of the (3i grain is ambiguous, but the correct 
solution can be found by the mutual consistency of the other data ( habit plane or habit 
junction plane normals ). Three {110}pi junction planes were measured to overdetermine 
the orientation and to obtain a check on the mutual consistency of the measured data. The 
method used to calculate and refine the c T l matrix is presented in Chapter 8.
7.2.3. Lattice Parameter Determination
The lattice parameters of the Pi parent and pi' martensite phases were determined by 
X- r a y  diffraction patterns using the X - ray "powder" method.
7.2.3.1. Lattice Parameter of the pi Phase
The specimen was a wire shaped specimen prepared from bulk material. The wire 
specimen was ground to about 1.2 millimeters in diameter, heat - treated for 30 minutes 
at 910°C in a furnace, quenched in cold water, and then electro - polished for 30 seconds 
at 10 volts at room temperature in the chromium trioxide phosphoric acid solution.
Figure 7.6 is the result of DSC analysis for the pi' to Pi reverse transformation. It can 
be seen that the Af temperature was below 100°C, indicating that if the specimen was 
heated to 100°C, the Bi' martensite phase would be fully transformed back to pi. 
Therefore, the specimen was heated by means of a tungsten wire heater to keep its 
temperature at 100°C while the X - ray diffraction pattern was produced. The patterns 
were obtained using CuKa radiation and a 11.46 centimeter diameter camera.
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The lattice parameter derived for each diffraction line was plotted against the 
2 2 
X cos 0 cos 0
function tt(-------- + ---------) proposed by Nelson and Riley [165] to account for errors in
sin0 0
specimen from the axis of the camera and the absorption of X - rays by the specimen. 
1.23.2. Lattice Parameters of the Pi' Phase
The specimen that was used to determine the lattice parameters of the Pi' phase was a 
powder specimen. It was prepared from fine filings of the alloy, which were sealed under 
vacuum in a Pyrex tube, and heated to 910°C in a furnace for 15 minutes, quenched in 
cold water, and then mounted on a glass fibre. CuKa radiation and the 11.46 centimetre 
camera were again used.
First, it was assumed that the crystal structure of the J$i' phase was orthorhombic. 
Therefore, the reflecting planes were indexed according to an orthorhombic unit cell and 
the lattice parameters were determined ( see Appendix 2 ) using the relationship
2 h 2 V2 ,2
( 7 . 3 )
,2  ,2  .2. 2~ A. h k 1 ,
4 2  .2  i 'a b c
where, 0 is the Bragg angle; X is the wavelength of the radiation; h, k and 1 are the 
indices of the reflecting planes; and a, b and c are the lattice parameters of the pi' phase.
Later, a computer program was used to determine whether the crystal structure of the 
Pi' phase was orthorhombic or monoclinic and to examine the consistency of the lattice 
parameters determined by the first assumption. The program was written assuming that 
the crystal structure of the p i' phase was monoclinic, in which case the value of the 
Bragg angle 0 may be expressed by the following relationship:
. 2n X r 1 , h 2 l2 2hlcosp k2 ,
sm 0 = —-  [ -------- ( —  + — -------------- ) + —  ]
4  2~ 2 2 ac , 2sin p a c b
7.4)
{ 110 }B1 JUNCTION PLANE TRACE
FIG. 7.7 Diagram showing the three kinds of junction planes that exist between 
martensite plates in one four -plate cluster. A, B, C, D are the four different martensite 
plates variants in the cluster.
where, (3 is the monoclinic angle. Using the reflecting planes that were indexed by
equation ( 8.3 ), the lattice parameter 'a' can be obtained as a function of the monoclinic 
angle, (3 . So, the average value of ’a' can be calculated by
N
( 7 . 5 )
i=l
where, N is the number of reflecting planes used in the calculation; and ai ((3) is the lattice 
parameter calculated from the 1th reflecting plane for a given value of |3. Then, the mean 
square error of ’a’ can be expressed using the relationship
the data are established, and the values of 'b' and *c' can also be determined. If the 
m onoclinic angle (3 equals 90°, then the crystal structure of the (31' phase is 
orthorhombic, whereas if it is not, the crystal structure of the pi* phase is monoclinic.
7.2.4. Determination of the Relative Frequencies of the Crystallographically Different 
Kinds of Junction Planes in the Pi' Martensite Structure.
Between martensite plates in a group of four self accommodating plates, three major 
junction plane interfaces can be present: the {110}pi junction plane, the {100}pi junction 
plane and the habit junction plane, as shown in Fig. 7.7.
In order to establish which junction plane is dominant, the relative frequencies have 
been determined by means of quantitative metallography.
The specimens used for the measurements were the same as those used for the grain 
orientation determination. Different test fields were chosen for measurement using a 
Nikon Optiphot Microscope. Using a circular test figure, the number of junction plane
N
( 7 . 6 )
2 . .
When the value of Aa becomes a minimum, the values o f ' a ' and p most consistent with
traces intersecting the perimeter of the test figure was counted. The different junction 
planes were distinguished in the count
The statistically exact expression for surfaces [166] was used to calculate Sy, the 
surface area o f junction boundary per unit volume, from the measured intercept 
frequencies. Sv was determined using the relationship proposed by Saltykov [167]:
Sv = 2Pl ( 7 .7)
where, Pl is the number of intersections of the junction plane trace per unit length of the 
test line, and
Pl =P/ L (7 . 8)
where, P is the number of intersections of the test line with the junction plane traces, and 
L is the length of the test line which equalled the perimeter of the circular test figure. In 
the present work, L was 0.9613 mm.
CHAPTER 8
THE THEORETICAL BASIS OF THE ANALYSIS
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The numerical method used to calculate the crystal orientation is presented in this 
Chapter.
8.1. THE CALCULATION OF THE PARENT GRAIN ORIENTATION
The Pi grain orientation relative to the experimental basis ( I ) can be determined 
from the junction plane trace measurements by either stereographic or numerical methods. 
Though the stereographic projection provided a quick and useful means of presenting the 
orientation data, the method is too inaccurate for the requirements of the analysis and a 
numerical calculation is necessary.
In the numerical method the vector representation of a measured trace't' is calculated 
by means of the general expression,
J .  = [ cosa; sincxcos<t>; sinasin<|) ]\ ( 8.1)
where a  is the angle measured anti-clockwise from Ii to t ( see fig. 7.5 ) and <j> is the 
angle between I3 and the normal to the surface which contains the traces. For the traces 
( txi ) in the top surface <|> = 0, and for the traces ( tx2 ) in the section surface <{> = Po, and 
is the angle between the normals to the top surface and the section surface ( see Fig.7.5 ).
The pole ( Tx; I ) of the {110}c plane defining the junction plane x is given by the 
normalised vector cross - product, txi X t^ . For three different junction plane poles, Ti; 
T2 and T3, the consistency of the trace measurements can be checked by comparing 
the dot products , Ti • T2; Ti • T3 and T2 • T3 with the cosine of the known angles 
between {110}c planes (±0.500000 or 0.000000). Experimental error generally ensures 
that the dot products differ slightly from 0.500000 or 0.000000, and therefore a 
correction procedure is required to obtain an exact orthogonal orientation matrix,
R ’ = CTl .
A suitable correction can be made by choosing the two poles whose dot product is 
closer to ±0.500000 or 0.000000, say Ti and T3, and assuming that the one of them, say
T i , and the vector cross product, Ti X T3, are correct. In this case the "correct" position 
of T3 must be along the zone of Ti X T3 at the correct angle to Ti. Similarly, the 
"correct" position of T2 can be determined such that it makes the correct angles to Ti and 
T3. A new basis U can be defined in which Ui = Ti; U2 = Ti X T3; and U3 = Ui X U2. 
In the U basis, the corrected normals T2* and T3* can have the following forms 
depending on the angular relationships between T i , T2 and T3.
( i ) The dot products, Ti • T3 , Ti • T2 and T2 • T3 are approximately ±0.50000, but Ti, 
T2 and T3 do not lie on the same great circle of the stereographic projection,
T2* = ( ±cos60.00°, ±cos35.26°, ±cos73.22° )u 
T3* = ( ±cos60.00°, 0.00000, ±cos30.00° )u
( i i ) The dot products, Ti • T3 , Ti • T2 and T2 • T3 are approximately ±0.50000, and Ti, 
T2 and T3 lie on the same great circle of the stereographic projection,
T2* = ( ±cos60.00°, 0.00000, ±cos30.00°)u 
T3* = ( ±cos60.00°, 0.00000, ±cos30.00° )u
( i i i ) The dot products Ti • T3 and T2 • T3 are approximately ±0.50000, and Ti • T2 is 
approximately 0.00000,
T2* = ( 0, ±cos35.26°, ±cos54.74° )u 
T3* = ( ±cos60.00°, 0.00000, ±cos30.00° )u
( iv ) The dot product Ti • T3 is approximately 0.00000, and the dot products Ti • T2 
and T2 • T3 are approximately ±0.50000,
T2* = ( ±cos60.00°, ±cos45.00°, ±cos60.00° )u 
T3* = U3
Therefore, the corrected poles T2* and T3* can be expressed in the I basis by means of 
the iT u  transformation matrix implied in the definition of U.
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For consistent right - handed labelling of T i, T2* and T3* in terms of {110}c 
planes, the < 100 >c axes can be identified in the I basis by using the known 
crystallographic relationships in the cubic system. Some suitable methods are as follows:
( i ) Say the dot product T x • T 2* is 0; and say [ T x; I ] // [Oil] c and [ T2*; I ] // [011] c :
Ti X T2* = [ u ; I ] // [ 100 ]c  ;
T i + T2* = [ w ; I ] // [ 001]c ;
[ i i ; I ] X [ ^ ; I ]  = [ y ; I ] / / [ 0 1 0 ] c .
Therefore,
R ' = C TI =
u i u 2 u 3 
v i v 2 v3 
w i w 2 w 3
where the successive rows of R' are [ 100 ]c. [ 010 ]c , [ 001 ]c referred to the I basis.
( ii ) Say the dot products, Ti • T2*, Ti • T3* and Ti* • T2*, all equal ±0.50000, but Ti, 
T2* and T3* do not lie on the same great circle of the stereographic projection.
Say [ T i ; I ] // [ 101 ]c ; [T 2* ; I ]  // [ 110 ]c and [T 3* ; I ]  // [ 011 ]c  : 
T 1X T 2* / / [ i ; l ] / / [ T l l ] c ;
T3* X [ x ; I ] / / [ y ; I ] / / [  Oi l  ] c ;
t 3* X [ y ; I ] // [ a . ; I ] // [ 100 ]c  ; 
T 1X [ u ; I ] / / [ v ; I ] / / [ 0 1 0 ] c ;
[ U ; I ] X [ y ; I ] // [ w ; I ] // [001 ]c .
Therefore,
R ' = C TI =
ui u2 u3 
v i v2 v3
W j  W 2 w 3
where the successive rows of R' are [ 100 ]c, [ 010 ]c , [ 001 ]c referred to the I basis.
( i i i ) The dot products, Ti • T2*, Ti • T3* and Ti* • T2*, all equal ±0.50000, and Ti , 
T2* and T3* all lie on the same great circle of the stereographic projection. In this case, 
two results are possible : R i' and R2'.
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( a )  Say [ T x ; I ] // [ 110 ]c  ; [ T2* ; I ] // [Oil ] c  ; [ T 3* ; I ] // [101 ]c :
In order to obtain [ 100 ]c referred to the I basis, a new orthogonal basis V is set up, it 
consists of :
Vx = T x // [ 110 ]c ; V2 = T x X T2* // [ 111 ]c ; V3 = V x X V2 // [ 112 ]c .
In the V basis [ 100 ]c has the fo rm :
[ 100 ]c = [ cos45.00°, cos54.74°, -cos65.90° ]y 
and can be expressed in the I basis by means of the iT y  transformation matrix implied in 
the definition of V.
Therefore, [ u ; I ] = [ iT y  ] [ 100 ]v  // [ 100 ]c ;
Ti X [ ] i ; I ] // [ w ; I ] // [ 001 ]c  ;
[ l i ; I ] X [ w ; I ]  = [ v ; I ] / / [  010 ]c .
and,
R ' = CTI =
u i n 2 u 3 
Vi v 2 v 3 
w i w 2 w 3
where the successive rows of are [ 100 ]c, [ 010 ]c , [ 001 ]c referred to the I basis.
( b )  S a y [ T 1 ; I ] / / [ 0 1 1 ] c ; [ T 2* ; I ] / / [ T 0 1 ] c ; [ T 3* ; I ] / / [ T T 0 ] c :
Firstly, a new orthogonal basis W is set up, consisting o f :
W 1 = T 1/ / [ 0 1 1 ] c ; W 2 = T 1X T 2* / / [ l T l ] c ; W 3 = W 1X W 2 / / [ 2 T l ] c .
In the W basis [ 100 ]c has the form :
[ 100 ]c  = [ 0.00000, cos54.74°, -cos35.26°]w 
and can be expressed in the I basis by means of the iT w  transformation matrix implied in
the definition of W.
Therefore, [ i ; I ] = [ i T w ] [ 100]w// [ 100]c ;
T2* X [ i ; I ] // [ ] ;  I ] // [ 010 ]c ;
and,
*l l2 13 
Ji h  J3 
k i k 2 k 3
where the successive rows of R2* are [ 100 ]c , [ 010 ]c  , [ 001 ]c  referred to the I basis.
Computer programs used for matrix algebra calculations required in this Section are 
given in the Appendix 1.
R 2’ = C TI =
# The unit vectors i, i, k, u, v, w, x, X and the orthogonal basis V, W which were 
used i n ( i ) ,  ( i i ) ,  ( i i i ) - ( a )  and ( b ) are all determined by the known vectors Ti, 12* 
and T3*, and have only been introduced to make the presentation more concise.
CHAPTER 9
THE EXPERIMENTAL RESULTS AND
DISCUSSION
FIG. 9.1 Photomicrograph of p i ’ martensite showing a four - plate variant cluster 
about one of the {110}pi poles in a Cu - 11.8wt%Al - 4.0wt%Ni - 4.0wt%Mn alloy. 
Unetched, Polarized light, 128X.
FIG. 9.2 Photomicrograph of a Cu - 11.8wt%Al - 4.0wt%Ni - 4.0wt%Mn Pi' 
martensite showing the 'chervon' shaped arrangement of the four - self accommodating 
martensite plate variants. Unetched, Polarized light, 62X.
^“ <110>pl
100
(T>)
FIG. 9.3 ( a ) Crystallographic relations between the four martensite variants ( 
designated A, B, C and D ) in the (01 l)pi plate group for martensite. ( b ) Habit plane 
normals of the four variants in ( a ) .
FIG. 9.4 Schematic diagrams showing how the back stress is accommodated by the 
side by side formation of two variants as a "spear" type martensite [168]. ( a ) Case of 
the formation of a single variant A . ( b ) Case of the formation of a "spear" type 
martensite plate variants A and D.
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The results and discussion of the microscopical examination of the pi* transformation 
product and Pi' to Pi reverse transformation at different temperatures are presented in 
this Chapter. Also reported and discussed are the relative frequencies of the 
crystallographically different kinds of junction planes in the p i' martensite, and the 
measurement and calculation of the crystallographic features: the pi grain orientation, the 
martensite habit plane normal and the lattice parameters of Pi and pi' phases. Finally, 
the experimental data and the theoretical predictions of the Bowles - Mackenzie 
crystallographic theory are compared in terms of the habit plane and habit junction plane 
normals.
9.1. THE MORPHOLOGY OF THE p i’ MARTENSITE
The dominant morphology of groups of pi' martensite plates after rapid cooling was 
the "chevron" arrangement as shown in Figs. 9.1 and 9.2. It is a self - accommodating 
morphology which consists of four martensite plate variants in a cluster, each of which is 
easily distinguished using polarized light. For example, Fig.9.1 shows four martensite 
plate variants in a cluster displaying different colours: yellow, black, blue and brown.
The reason for the "chevron" type morphology is that the parent crystal transforms 
into self - accommodating four plate groups which minimize the total shape change 
accompanying transformation. The four variants in a plate group have habit plane normals 
clustered about one of the six { 110 }pi poles. There are specific twin relations among 
these four self - accommodating variants [168]. For example, the four martensite plate 
variants A, B, C and D in a cluster in Fig. 9.1 are schematically shown in Fig. 9.3 as a 
cluster around the (Oll)pi normal such that variants A and D, and B and C are twin - 
related with respect to the (01 l)pi plane.
Comparing the cases of single and double plate formation shown in Fig.9.4, suppose 
a variant A is formed in the parent phase as shown in Fig.9.4(a), so the parent phase on 
the right - hand side of A is displaced. Since martensite transformation is a phenomenon
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described by the invariant plane strain, it is obvious that the parent phase is strained 
elastically or plastically. This elastic strain imposes back stress on the martensite plate and 
increases the strain energy of the alloy. On the other hand, if two variants A and D form 
as twin - related variants with respect to the { 110 }pi junction plane, as shown in 
Fig.9.4(b), then the macroscopic shape changes of these two variants would be cancelled 
o u t Similarly, in the four variants A, B, C and D in a plate group ( see Fig.9.3), the 
macroscopic shape changes of variants A and D and also B and C should be exactly equal 
and opposite; and the macroscopic shape changes of variants A and C and also B and D 
should be equal and roughly opposite. The formation of a group of nearly parallel 
martensite plates of variants A and B would result in a small shape change which is then 
compensated by changing over to the other pair of variants C and D. Thus, most of the 
macroscopic shape changes in four variants would cancel each other out, and the 
martensite would experience negligible back stress from the parent phase. Therefore, the 
martensite plates appear in a "chevron" type morphology even from a very early stage and 
each grows into a relatively large crystal without losing coherency [169].
The self - accommodating formation may be considered to develop by an 
"autocatalytic" process [170], that can be described as follows: although the main driving 
force is the chemical free energy difference between the parent and martensite phase for 
martensitic transformation on cooling through M s to M f , nucléation and growth of new 
martensite plates are controlled by the stress field of existing martensite plates. The 
process would go as follows: the initially formed plate variant induces a specific stress 
field around it which controls subsequent nucléation. The subsequent variants should be 
those which counteract the stress field of the initial variant most effectively. When the 
subsequent plates grow more than enough to cancel the initial stress field, a further stress 
field appears which controls the next step. Because the shape changes of the four variants 
in a group effectively cancel each other out, excess growth of any particular variant will 
always induce a stress field favoring the nucléation or growth of the other three variants 
in the same group. Although the stress field in the untransformed region changes during
FIG. 9.5 " Chervon " type morphology of martensite arranged in a " zig - zag 
pattern. Unetched, Polarized Light, X 62.
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FIG. 9.6 Distribution of the measured percentages of linear intercepts of habit junction 
planes for Pi' martensite.
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junction planes for pi' martensite.
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the course of the transformation, it would always be favorable for the nucléation of 
variants in the same group.
9.2 THE RELATIVE FREQUENCIES OF THE CRYSTALLOGRAPHICALLY 
DIFFERENT KINDS OF JUNCTION PLANES IN pi' MARTENSITE
The morphology of groups of p i ' martensite plates in the Cu - 11.8wt%Al - 
4.0wt%Ni - 4.0wt%Mn alloy has been determined to be predominantly" chevron " type. 
Only two kinds of junction plane have been observed, one is the {110}pi junction plane, 
and the other one is the habit junction plane. The presence of the (100}pi junction plane 
was found to be so rare in the present work that it can be disregarded as a significant 
microstructural feature of thermally produced pi' martensite. The measurements of the 
relative frequencies of the crystallographically different kinds of junction plane in P f 
martensite are consistent with the dominance of the " chevron " type morphology 
arranged in a " zig - zag " pattern ( see Fig.9.5 ). The results are presented in terms of 
' Sv the surface area of the junction plane per unit test volume, which has been 
calculated using Equation ( 7.7 ) for the measurements of a series of fields. Table 9.1 
shows the input data and calculated results for the {110}pi junction plane. The input data 
and calculated results for the habit junction plane are shown in Table 9.2.
From Table 9.1, the mean value of Sv for {110}pi junction plane is 12.3(mm2/mm3), 
and, from Table 9.2, the mean value of Sv for habit junction plane is 93.5 (mm2/mm3).
Therefore, it can be seen that the dominant junction plane interface is the habit junction 
plane in p i' martensite of Cu - 11.8wt%Al - 4.0wt%Ni - 4.0wt%Mn alloy. The habit 
junction is about 8 times more common than the {110}pi junction.
The distribution of the habit junction results are shown in Table 9.3 and Fig. 9.6, and 
that for the {110}pi junction are shown in Table 9.4 and Fig.9.7. These data show that 
for the pi' martensite plate variant groups, the distribution of the % intercepts with the
8 6
TABLE 9.1 THE RELATIVE FREQUENCIES OF THE {110}M 
JUNCTION PLANE IN AN Cu - 11.8wt%Al - 4.0wt%Ni - 4.0wt%Mn
SHAPE MEMORY ALLOY
TEST No. P ( No.) PERCENTAGE^)* PL ( mm-1 ) S y  )
1 4 10.0 4.16 8.3
2 4 7.8 4.14 8.3
3 5 8.8 5.22 10.4
4 4 9.8 4.18 8.4
5 5 11.4 5.22 10.4
6 4 6.8 4.17 8.3
7 6 16.2 6.24 12.5
8 7 14.6 7.29 14.6
9 7 13.0 7.30 14.6
10 7 13.7 7.27 14.5
11 5 11.4 5.22 10.4
12 8 12.7 8.32 16.6
13 8 14.0 8.30 16.6
14 7 13.0 7.30 14.6
15 8 12.7 8.32 16.6
AVERAGE
VALUES
6 11.7 6.18 12.3
♦PERCENT (%) =
P {110} pi JUNCTION PLANE
P { 1 1 0 } S1 JUNCTION PLANE +  P h a BIT JUNCTION PLANE
X 100%
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TABLE 9.2 THE RELATIVE FREQUENCIES OF THE HABIT 
JUNCTION PLANE IN AN Cu - 11.8wt%Al - 4.0wt%Ni - 4.0wt%Mn
SHAPE MEMORY ALLOY
TEST No. P ( No.) PERCENTAGE^)* PL ( mm“1 ) S y  )
1 36 90.0 37.45 74.9
2 47 92.2 48.92 97.8
3 52 91.2 54.08 108.2
4 37 90.2 38.47 76.9
5 39 88.6 40.55 81.1
6 55 93.2 57.20 114.4
7 31 83.8 32.25 64.5
8 41 85.4 42.64 85.3
9 47 87.0 48.87 97.7
10 44 86.3 45.78 91.6
11 39 88.6 40.55 81.1
12 55 87.3 57.21 114.4
13 49 86.0 50.99 102.0
14 47 87.0 48.87 97.7
15 55 87.3 57.21 114.4
AVERAGE
VALUES
45 88.3 46.74 93.5
♦PERCENTAGE (%) = ___________ P HABIT JUNCTION PLANE________________
PHABIT JUNCTION PLANE +  P {  110} B1 JUNCTION PLANE
X 100%
TABLE 9.3 DISTRIBUTION DATA FOR THE PERCENTAGE OF 
HABIT JUNCTION INTERCEPTS FOR ßi' MARTENSITE IN AN 
Cu-11.8wt%AM.Owt% NM.Owt%Mn SHAPE MEMORY ALLOY
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GROUP No. INTERCEPT 
PERCENTAGE ( % )
NUMBER OF PL 
VALUES
EXPRESSED AS A 
PERCENTAGE
DISTRIBUTION
( % )
1 8 3 .5  - 8 5 .5 2 13 .3
2 8 5 .5  - 8 6 .5 2 1 3 .3
3 8 6 .5  - 9 0 .5 8 5 3 .4
4 9 0 .5  - 9 2 .5 2 1 3 .3
5 9 2 .5  - 9 3 .5 1 6 .7
TABLE 9.4 DISTRIBUTION DATA FOR THE PERCENTAGE OF 
{110}ßi JUNCTION INTERCEPTS FOR ßi' MARTENSITE IN AN 
Cu-11.8wt % AM.Owt % NM.Owt % Mn SHAPE MEMORY ALLOY
GRO UP N o.
IN T E R C E PT  
PERCENTAGE ( % )
NUMBER OF PL 
V A L U E S
EXPRESSED AS A 
PERCENTAG E
D ISTRIBU TIO N
( % )
1 6 .5  - 7 .5 1 6 .7
2 7 .5  - 9 .5 2 13 .3
3 9 .5  - 13 .5 8 5 3 .3
4 13.5  - 15.5 3 2 0 .0
5 15 .5  - 16.5 1 6 .7
( a ) 21.5°C, Unetched, Polarized light,
X 128.
1
4
3
■ i H U M  S ii
( b ) 21.5°C, Unetched, oblique 
Illumination, X 128.
1
4
3
2
( c ) 49.5°C, Unetched,oblique 
IUumination, X 128.
1
4
3
2
( d ) 56.5°C, Unetched, oblique 
Illumination, X 128.
( e ) 61.5°C, Unetched, oblique 
Illumination, X 128.
( f  ) 71.5°C, Unetched, oblique 
Illumination, X 128.
FIG. 9. 8 Microstructural changes associated with the pi' to p i reverse 
transformation with changing temperature in the first heating cycle.
( g ) 76.5°C, Unetched, oblique ( h ) 80.5°C, Unetched, oblique
Illumination, X 128. Illumination, X 128.
( a ) 21.0°C, Unetched, Polarized light,
X128
( e ) 61.0°C, Unetched, Oblique 
illumination, X 128.
( f  ) 66.0°C, Unetched, Oblique 
illumination, X I28.
( b ) 21.0°C, Unetched, Oblique 
illumination, X 128.
FIG. 9.9 Microstructural changes associated with the pi’ to Pi reverse transformation 
with changing temperature in the second cycle of heating. ( d' ) is a lower magnification 
micrograph taken at 56.0°C on heating.
( c )  5 1.0°C, Unetched, Oblique 
illumination, X 128.
( d ) 56.0°C, Unetched, Oblique 
illumination, X 128.
( g ) 70.0°C, Unetched, Oblique 
illumination, X I28.
(d*) 56.0°C, Unetched, 
illumination, X62.
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habit junction plane is between 83.7 to 93.3, and with the {110}^ junction plane is 6.7 to 
16.3.
9.3 THE REVERSE pi' TO pi TRANSFORMATION
W hen a specimen which was in the p i' martensite state was heated, the p i' phase 
reversed to the pi parent gradually, and relief effects were generated on the surface of the 
specimen. Therefore, the A s  and A f  temperatures can be obtained approximately by 
means of the surface relief effects, and the results can then be compared with the DSC 
results. In addition, the preferential "nucleating" sites for the pi phase can be observed 
under the optical microscope.
Two reversion cycles were used in the present work so that a comparison could be 
made for the A s  and A f  temperatures obtained by the DSC and to check if A s  and A f  
were constant on cycling. Figure 9.8 shows a series of micrographs for first reversion 
cycle, and the series of micrographs for the second reversion cycle is shown in Fig. 9.9. 
Each micrograph in Fig.9.8 was taken from the same area as indicated by the presence of 
the same small pits ( numbered ). The same field is also shown for each micrograph in 
Fig.9.9. The area that was chosen for the second reversion cycle was roughly the same 
as that for the first reversion cycle but is in a slightly different rotational position, the 
arrows indicate the same junction plane in Figs.9.8 (a) and 9.9 (a).
9.3.1 The As and Af Temperatures
In the first reversion cycle, the p i’ martensite started to transform back to pi parent 
phase at about 49.5°C [ see the arrow in Fig. 9.8 ( c ) ]. As the temperature increased, the 
amount o f Pi phase increased gradually, and complete transformation occurred at about
91.5°C [ see Fig.9.8 ( i )].
In the second reversion cycle, the P i’ martensite started to transform back to pi 
parent between 51°C and 56°C [ see Figs.9.9 ( c ) and ( d ' )], and reverse transformation 
was complete at about 70°C [ see Fig.9.9 ( g )].
T E M P E R A T U R E  ° C H E A T  F L O W  
E X O T H E R M A L - -  )
FIG. 9.10 DSC curves ( 10°C / min ) showing As and Af temperatures for Pi ' to  
pi reverse transformation on the first and second reversion cycles in a Cu-11.8wt%Al- 
-4.0wt%Ni -4.0wt%Mn shape memory alloy.
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A  comparison between the above results and the DSC results can be made for the As 
and A f  temperature. Figure 9.10 shows the DSC curves for the first and second 
reversion cycles. From Fig.9.10 the As temperature in the first reversion cycle was not 
well defined but was estimated to be about 34°C. The A f  temperature can be obtained 
more exactly, and was about 97°C. In the second reversion cycle, the As temperature was 
also about 34°C and the Af temperature was about 66°C. Therefore, the results for Af 
were in good agreement for DSC and the relief micrographs. However, the results for As 
from the series of surface relief micrographs were higher than the DSC results in both 
reversion cycles. This difference may arise because of the following reasons.
( i ) The DSC results were obtained from the whole specimen that was heated in the test 
chamber. Once the Pi' martensite started to transform back to pi phase the instrument 
detected the absorption of latent heat. On the other hand, the relief effects were only 
observed on one small area of the surface of the specimen under the optical microscope. It 
well known that the pi phase preferentially nucleates at positions at which the minimum 
energy is required to overcome the activation energy barrier for nucleation. Because the 
examined field was only a small part of the specimen surface, nucleation of pi may have 
occurred at other parts of the surface, but were not evident in the particular area selected 
for examination. For example, Figs.9.9 ( d ) and ( d' ), were taken at the same 
temperature ( 56°C ) from the same field, but using different magnifications. Figure 9.9 ( 
d ' ) was taken at lower magnification, so the area observed was larger than that observed 
in Fig.9.9 ( d ). In Fig.9.9 ( d ' ) relief effects are present, but none are evident in Fig.9.9 
( d ) .
( i i ) The second possible reason is that the specimen that was prepared for DSC analysis 
was examined immediately after heat - treatment. For the microsctructural samples, after 
the heat - treatment the surface of the specimen selected for examination was ground, 
mechanically polished and electro - polished to produce a scratch - free metallographic 
surface. This preparation may have generated additional surface stress and hence
increased the activation barrier for nucleation at the surface, so that the As temperature 
may have been raised
Comparing the first and second reversion cycles, both the DSC and microstructural 
data show a broad transformation range for the first reversion cycle with Af, in particular, 
being high, about 20°C to 25°C higher than the value observed in the second and 
subsequent reversion cycles.
The broadness of the first reversion cycle indicates that one or more barriers exist to 
the initial reversion of martensite to the parent phase. These barriers are absent on the 
second and subsequent cycles. The origin of the extended As - Af range and the transient 
nature of the barrier must depend on an inherited feature o f the structure of the primary 
martensite or a feature that develops during the reversion cycle [171]. Structural 
conditions which could account for this effect are:
( i ) elastic stresses arising from differential thermal contraction during the initial rapid 
quenching;
( i i ) plastic strain arising from quenching and self - accommodation in the forward 
transformation;
( i i i )  quenched - in vacancies.
(iv) quenched - in partial disorder.
These conditions are compatible with the transient nature of the barrier, as heating into 
the (3 phase field may result in stress relaxation, annihilation or rearrangement of 
dislocations which were induced by transformation, annihilation of excess vacancies, and 
re - ordering of the parent phase.
Quenching stresses may induce the formation of specific martensite variant clusters, 
which contribute to the accommodation of local elastic strains. Therefore, the resulting 
minimisation of internal energy could account for the increase in superheat required to
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transform " self-accommodating " plate clusters, particularly those formed first on 
quenching.
Concerning excess vacancies and dislocations in the martensite which are present 
either individually or as groups or clusters, these defects could hinder the motion of the 
interface between martensite and the parent phase during the reverse transformation and 
therefore extend the transformation range in the first reversion cycle.
Another possible reason for the difference in transformation temperature range 
between first and second reversion cycles is that the P i’ to pi reverse transformation 
could be conditioned by the previous forward transformation. The first forward 
transformation occurs on rapid cooling, resulting in highly independent nucleation of 
martensite clusters. These clusters revert in an unlinked, non - catalytic manner, leading 
to a broad temperature range for the reverse transformation. In contrast, reversion during 
the second forward cycle allows the martensite which formed at a relatively low cooling 
rate, to transform to pi in a linked and autocatalytic manner over a narrower temperature 
range.
Reheating into the pi field in the first reversion cycle may also allow re - ordering of 
regions of partial disorder produced by the initial rapid quench. The changed state of 
order could therefore be responsible for the change in A f  in the second and later reversion 
cycles.
9.3.2 The Sites of Nucleation of pi Phase
In order to study the sites of preferential nucleation of Pi, some small pits on the 
specimen surface were used as markers for identifying the same locations in the series of 
micrographs Fig.9.8, ( see numbers 1 - 4 ).
Comparing Figs.9.8 ( a ), ( e ) and ( g ), the following conclusions can be drawn: ( i ) 
som e pi parent plates preferentially nucleated at habit plane interfaces o f the martensite
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plates ( see region near markers 1 and 4 ); ( i i ) some pi plates preferentially nucleated 
within martensite plates ( see region near markers 2 and 3 ).
In solid - solid transformations, homogeneous nucleation is the less likely form of 
nucleation because it requires a greater activation energy to overcome the nucleation 
barrier than does heterogeneous nucleation. The free energy of formation for 
heterogeneous nucleation can be written as follows [172]:
AG( h e t.) = -A'AGy + B'y + C e  - AGd ( 9 . 1 )
where AGy is the bulk free energy change, A'; B' and C  are shape factors, y is the solid 
- solid interfacial energy, e is the strain energy and AGd is the energy of the defect(s) 
destroyed within the martensite phase for pi' to Pi reverse transformation.
Between p i ' martensite phase and p i parent phase there is always a specific 
orientation relationship and the interfaces are coherent or at least semi - coherent. Since 
the interfacial energy is low, the main nucleation barrier is the strain energy associated 
with the Pi' to p i reverse transformation. Crystal defects within the martensite phase, 
such as: vacancy clusters, dislocations and intervariant interfaces, may act as 
heterogeneous nucleation centres. Such sites have a certain associated energy ( AGd )> 
and when the defects are destroyed or partially destroyed during the nucleation event, 
their energy contributes to the energy needed to overcome the activation energy barrier for 
nucleation.
Therefore, the nucleation of pi plates at the interfaces of martensite plates was a 
common event in the pi' to Pi reverse transformation.
However, parent phase nucleation also occurred within martensite plates, possibly 
because defects, such as vacancies and dislocations, existed within the Pi' phase, and 
their energy was comparable with the interface energy of the martensite plates. This defect 
energy would therefore contribute to the energy needed to overcome the barrier for 
nucleation, allowing nucleation to occur at these sites as well as at interfaces during the
( a )  5 1°C, Unetched, oblique 
Illumination, X 128.
( b ) 46°C, Unetched, oblique 
Illumination, X 128.
( c ) 21°C, Unetched, oblique 
Illumination, X 128.
( d ) 21°C, Unetched, Polarized Light,
X 128.
FIG. 9.11 M icrostructural changes associated with the p i t o p i '  m artensite 
transformation during temperature decrease after the second reversion cycle.
FIG.9.12 Photomicrograph showing the surface relief associated with a self 
accommodating martensite plates group and residual parent plates ( dark bands) 
after reverse transformation in a Cu-11.8wt%Al-4.0wt%Ni-4.0wt%Mn alloy. 
Room temperature, Unetched, Polarized light, 128X.
( a ) Room temperature, Polarized light, 128X
( b ) Room temperature, Oblique illumination, 128X
FIG.9.13 Photomicrographs showing the cross relief of martensite plates after reverse 
transformation.
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P i’ to Pi reverse transformation. Whether or not the parent phase plate nucleated at the 
interface or in an intraplate site, the habit plane was usually parallel to that established for 
the forward transformation. This observation implies that the plates of parent phase are 
pre - disposed to form and grow by reverse interface motion, probably because the 
specific stacking fault plane ( lattice invariant shear ) within the martensite variant is 
compatible with a specific habit plane between martensite and parent
9.3.3 The Forward pi to p i' Transformation on Cooling
It can be see in Fig.9.9 ( g ) that the pi' martensite has fully transformed back to the 
Pi parent phase. On cooling, the parent grain transforms back to martensite again. Figure 
9.11 shows a series of micrographs taken during the forward transformation as the 
temperature fell. Comparing Fig.9.11 ( d ) and Fig.9.9 ( a ), it can be seen that parent 
plates have not fully transformed to martensitie plates at room temperature ( 21°C ) as 
some p i relief is still present . In Fig.9.11 ( d ) and 9.12 the dark plates are the 
untransformed parent plates, and in Fig.9.11 ( c ) residual relief can be seen.
From Fig. 7.2, it is apparent that the Mf temperature is below 10°C. Martensite plates 
revert to parent phase showing reverse plate - shaped relief on the first heating and the 
parent phase transforms back to the same martensite plates on cooling. Therefore the 
relief should be completely eliminated. However, on cooling to room temperature some 
regions of parent have not transformed back to martensite, as can be seen by comparing 
Figs. 9.9 ( f )  and 9.11 ( c ).
9.3.4 Cross Relief
Figure 9.13 is taken at room temperature after the Pi' to pi reverse transformation. It 
shows that martensite cross relief occurred in this second Pi to P i’ forward 
transformation. In Fig.9.13 the dark coloured plates are new variants formed on cooling 
which produce residual relief within regions where the pi relief has been reversed by pi 
to p i’ transformation. These martensite plates fomed across the pi relief structure rather
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than adopting the habit planes of the original set of martensite plates and completely 
reversing the pi relief.
The explanation of the cross relief is as follows. In the reverse transformation, the 
martensite has fully transformed back to the parent phase, and the " microstructural 
memory " of the original martensite is lo s t Therefore, during the following Pi to pi'
forward transformation, some martensite plates formed as variants other than the original 
variants and grew across the pi relief.
The cross relief generated in the Pi to pi' martensite transformation can be avoided if 
the P i ' martensite phase does not fully revert to the Pi parent phase. If martensite still 
remains between the plates of parent phase, the residual martensite regions can simply 
grow back into the original variants and no martensite nucléation is required. In addition, 
microstructural memory and the absence of cross relief develops after continued cycling 
[173], probably because of the development and maintenance of a defect structure which 
is a vestige of the original martensite plates and which, for re - generation of the original 
martensite variants, provides the energetically most favoured transformation path.
9.4 THE GRAIN ORIENTATION
The prior Pi grain orientation was determined by the measurement of three different 
{110}pi junction plane traces within a single transformed prior Pi grain. Each measured 
junction plane trace was confirmed to be one of the {110}pi plane normals using 
stereographic projection and the angular relationships with the other junction planes ( the 
average angular error between normals was 0.6° ). The grain orientation was calculated 
by means of the method presented in Chapter 8.
The prior pi grain orientation was determined by this method for four specimens, as 
listed in Table 9.5.
TABLE Q S INPUT DATA FOR THE CALCULATION OF THE 
PRIOR Pi GRAIN ORIENTATION
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SPECIMEN
ANGLES DEFINING THE THREE DIFFERENT JUNCTION 
PLANE NORMALS. ( DEGREES )*
JUNCTION PLANE TRACE ANGLES ANGLE BETWEEN THE NORMALS TO THE 
TOP AND SECTION 
SURFACES
TRACE ( X ) « X I <*X2 180°-Po
1 81.80 77.80
1
2 20.73 45.20
93.20
3 45.40 134.47
2
1 73.77 126.83
91.08
2 158.77 164.9
3 90.13 37.27
3
1 24.57 121.77
89.42
2 42.27 35.23
3 167.17 4.95
4
1 101.90 106.0
89.95
2 77.80 48.70
3 147.70 50.90
* The traces txi and tx2 in surfaces 1 and 2 define the junction plane normal Tx with 
respect to the I basis : txi = [ cosaxi, cos( 90° - a x i ), 0 ]i and
tx2 = [ cosax2> -sinax2Cos( 180° - (3o ), sinax2sin( 180° - po ) Ji 
and Tx = txi X tx2
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The results of the calculated grain orientations in these four cases are presented in Table 
9.6. Column three of Table 9.6 gives the direction cosine values for the three different 
junction plane normals relative to the C basis for each specimen. Slight differences from 
exact {110}p! normals are due to rounding errors in the orientation matrix. However, it 
is obvious that the angles between each junction plane normal and the [100]pi; [010]pi; 
[001] pi axes are either ±45° or 90°.
The calculated grain orientation results can be used to express other crystallographic 
measurements, such as the habit junction plane and the habit plane normals, in terms of 
the parent phase crystallography.
9.5 HABIT JUNCTION PLANES
Table 9.7 lists measured habit junction plane trace data used to calculate the habit 
junction plane normals in a selected grain of each of four specimens. Two different habit 
junction planes are associated with each four - martensite variant group. In this Table, the 
habit junction plane trace angles are termed a Xi(i), «xi(2), <*X2(i) and «X2(2), where x 
identifies the {110}pi junction plane, the unbracketed number refers to the surface, and 
the bracketed number refers to the first ( 1 )  or second ( 2 )  habit junction plane associated 
with each {110}pi junction plane.
The matrix (cT i) was determined for each of four specimens in the present work 
(Table 9.6), and these matrices were used to calculate the habit junction normals reported 
in Table 9.8. Column three of this Table gives the direction cosines of the habit junction 
plane normals, and column four lists the angles between the habit junction normal and the 
<100> axes of the 'C' basis. The angles between the junction plane normal and each of 
the two habit junction plane normals in a four - plate group are specified in column five.
Theoretically, the two habit junction plane normals have two fold symmetry and 
should be symmetrically positioned about the junction plane normal. The present 
experimental results show that the normals are close to two - fold in symmetry. Column
T A B L E  Qfi CA LC U LA TED  PRIO R G R A IN  O R IE N T A T IO N  
M ATRICES FOR THE Cu-11.8wt% Al-4.0wt% Ni-4.0wt% M n ALLOY
SPECIMEN ORIENTATION M ATRIX ( c T i )
THE COSINE VALUES OF THE THREE 
JUNCTION PLANE NORMALS RELATIVE 
TO THE * C ’ BASIS*
-0.054581; -0.924518; 0.377210
0.000000; -0.707110; 0.707103
1 0.854815; 0.151979; 0.496180
-0.707103; 0.000000; 0.707110
-0.516055; 0.349527; 0.781996
0.707148; 0.707125; -0.000021
0.194110; 0.969544; 0.149354
0.000000; -0.707145; 0.707068
2 -0.973910; 0.172219; 0.147780
0.707145; 0.000000; 0.707068
0.117558;-0.174143; 0.977678
0.000000; 0.707067; 0.707145
-0.912226; 0.403502; 0.070916 -0.707145; 0.707067; 0.000072
3 -0.341652;-0.844780; 0.411850
0.707145; 0.000037; 0.707178
0.225948; 0.351534; 0.908497
-0.000001; 0.707104; 0.707107
0.846397; -0.532477; 0.008973 0.707129; 0.707146; 0.000001
4 0.492663; 0.789286; 0.366484
-0.707101; 0.000015; 0.707113
-0.202227; -0.305770; 0.930381
0.000000; -0.707095; 0.707117
* 'C  basis is the orthonormal set of axes defining the parent crystal structure.
TABLE 9.7 INPUT DATA FOR THE CALCULATION OF THE HABIT 
JUNCTION PLANE NORMALS
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SPEC.
ANGLES DEFINING THE SIX DIFFERENT HABIT JUNCTION 
PLANE NORMALS ( DEGREES I*
THE HABIT JUNCTION PLANE TRACE ANGLES 
RELATED TO EACH f 110) JUNCTION PLANE
ANGLE BETWEEN 
NORMALS TO TOP 
AND SECTION 
SURFACES
JUNCTION 
PLANE 
TRACE (X) ax i(i) « X 2 (i) axi(2) <*X2(2) 180»- p0
1
1 73.33 80.60 90.17 74.80
2 27.63 60.00 12.15 25.00 93.20
3 46.37 124.6 43.83 145.37
2
1 85.00 128.30 63.33 125.47
91.082 146.4 154.57 173.80 175.73
3 76.37 34.97 105.00 39.43
3
1 28.57 131.60 22.07 105.47
89.422 52.90 37.00 33.17 33.70
3 9.10 175.77 142.4 13.03
4
1 99.10 114.00 104.60 97.10
89.952 66.90 43.50 87.30 54.40
3 138.00 57.50 157.70 41.90
* The traces txi(i) and tx2(i)i and txi(i) and tx2 (i) define the two habit junction plane 
normals Tx(i) and Tx(2 ) related to the {110} junction plane normal Tx . In the I basis: 
txi(l or 2) =  [ COSOCxiQ or 2), cos(90° - 0Cxi(l or 2)), 0  ]i and
tx2(i or 2) = [cosax2(i or 2), -sinax2(i Or2)cos(180° - (30), sinax2(i o r 2)COS(180°  - p0) ] i .
T A BL E 9.S CALCULATED H ABIT JUN CTIO N PLANE  
NORMALS RELATIVE TO THE 'C' BASIS
1 0 0
SPEC {110}
JUNCTION
PLANE
TRACES
(X)
COSINE VALUES OF 
H A B IT  JUNCTION NORMALS IN  
TH E ' C 1 BASIS
ANGLES ( 0 ) BETWEEN  
3ABIT JUNCTION NORMAL  
AND [100],[010],[001]AXES
ANGLES (°) 
BETWEEN HABIT 
JUNCTION AND  
JUNCTION PLANE 
NORMALS
1 -0.152806; -0 .698987; 0.698618 -81.21; -45.65; 45.68 8.79
0.154410; -0 .694863; 0.702369 81.12; -45.98; 45.38 8.89
2 -0.694888; -0 .149760; 0.703352 -45.98; -81.39; 45.30 8.62
1 -0.689929; 0 .154121; 0 .707279 -46.38; 81.13; 44.99 8.89
3 0.705726; 0 .687709; -0 .170314 45.11; 46.55; 80.19 9.82
0.707543; 0.691967; 0.143403 44.96; 46.21; 81.76 8.25
1 0.177967; -0.682129; 0.709245 79.75; -46.99; 44.83 10.31
-0.138935; -0.716093; 0.684037 -8 2 .0 1 ;-4 4 .2 7 ; 46.84 8.09
2 0.713504; -0.148251; 0.684897 44.49; -81.47; 46.77 8.61
2 0.687259; 0.158926; 0 .708815 46.59; 80.86; 44 .86 9.19
3 0.144411; 0 .697558; 0.701824 81.70; 45.77; 45.43 8.31
-0.169556; 0.692179; 0.701527 -80.24; 46.20; 45.45 9.77
1 -0 .702828; 0.692300; 0 .163449 45.35; 46.19; 80.59 9.42
-0.706827; 0.690392; -0.154229 45.02; 46.34; 81.13 8.90
2 0.716465; 0.137868; 0.683974 44.24; 82.09; 46.85 7.97
3
0.689549; -0.137671; 0.711140 46.41; -82.09; 44.67 7.90
3 -0.166586; 0 .704486; 0.689863 -80.41; 45.21; 46.38 9.62
0.150515; 0.697039; 0.701079 81.34; 45.81; 45.49 8.65
1 0.691557; 0.707106; 0.147475 46.25; 45.00; 81.52 8.49
0.680982; 0 .714771; -0.159268 47.08: 44.38; -80.84 9.25
2 -0 .702664; 0.152098; 0 .695076 -45.36; 81.25; 45.97 8.75
4 -0.702869; -0.156850; 0.693810 -45.34; -80.98; 46.07 9.03
3 -0.153498; -0.699495; 0.697958 -81.17; -45.61; 45.74 8.83
0.161475; -0.702487; 0.693135 80.71; -45.37; 46 .12 9.30
I l l
■ : Average of the habit junction plane normals. 
•:(1 5 5 )e
<111> boundary, near (155)c .
FIG. 9.14 (001) - (Oil) - (111) and (010) - (111) - (Oil) standard triangles showing
positions of the habit junction plane normals as determined by two - surface trace
analysis for specimen 1. The habit junction normals scatter within 2° of the <011>/
I l l
9 : Average of the habit junction plane normals. 
• : (155)0
FIG. 9.15 (001) - (Oil) - (111) and (010) - (111) - (Oil) standard triangles showing 
positions of the habit junction plane normals as determined by two - surface trace
analysis for specimen 2. The habit junction normals scatter within 2.5° of the <011 >/
<111> boundary, near (155)c .
I l l
■ : Average of the habit junction plane normals. 
• : (155) q
FIG .9.16 (001) - (Oil) - (111) and (010) - (111) - (Oil) standard triangles showing 
positions of the habit junction plane normals as determined by two - surface trace
analysis fir specimen 3. The habit junction normals scatter within 2° of the <011>/
<111> boundary, near (155)c .
I l l
■: Average of the habit junction plane normals. 
(I55)e
FIG. 9.17 (001) - (010) - (111) and (010) - (111) - (Oil) standard triangles showing 
positions of the habit junction plane normals as determined by two - surface traces
analysis for specimen 4. The habit junction normal scatter within 2° of the <011>/
<111> boundary, near (155)c .
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four of Table 9.8 indicates that the angles between the habit junction plane normals and 
[100]pi, [010]pi and [001]pi axes are such that two values are near 45° . The smallest 
difference between the two angles which are close to 45° is 0.03° (in row 1); the largest 
difference is 2.70° (in row 20). The average difference is 1.22°.
In column five of this Table, the two angles between the habit junction and {110}pi 
junction plane normals in a four variant group are similar but not exactly equal. The 
smallest difference is 0.07°; and the largest difference is 2.22° . The average difference is
0.39° for the twelve pairs in this column.
The differences observed are caused by measurement and calculation error. 
Systematic error in the measurement of the junction plane and habit junction plane traces 
is likely. Even when a trace is well defined, the measured trace may still differ 
systematically from the real trace. The junction plane and habit junction plane traces are 
affected by systematic error through the possibility of stepping on a microscopic scale or 
because of surface " rounding " near the reference edge.
Another source of error stems from the determination of the pi grain orientation 
matrix. In Chapter 8 it is indicated that the basic assumption in determining the orthogonal 
orientation matrix is that the position of one of the three junction plane poles (say Ti) is 
correct and the vector cross product of Ti and one of other two poles (say T3 ) is also 
positioned correctly. In fact, because of measurement errors the position of T3 or Ti or 
both may not be exactly correct, so that the cross product, Ti X T3 , may also be slightly 
in error. Therefore, the calculation of the grain orientation matrix (cT[) is subject to error 
and, overall,, it was not possible to determine the habit junction plane normals with an 
accuracy better than about 1 or 2°.
The habit junction plane normals have been plotted in stereographic projection in 
Fig.9.14 to 9.17 for each of the four specimens examined.
1 0 2
The average habit junction plane normals and the angles relative to the axes in the 'C' 
basis are as follows :
Specimen 1 : (-0.154147; 0.698709; 0.698602 )c ,
-81.13°; 45.68°; 45.69°
Specimen 2 : (-0.156375; 0.698272; 0.698543 )c
-81.00°; 45.71°; 45.69°
Specimen 3 : (-0.151737; 0.702945; 0.694869 )c
-81.27°; 45.34°; 45.98°
Specimen 4 : (-0.155123; 0.696728; 0.700362 )c
-81.08°; 45.83°; 45.54°
The overall average habit junction plane normal for the present alloy is:
(-0.154346, 0.699168, 0.698098 )c .
10.6 THE HABIT PLANE
The martensite habit plane is one of the most important crystallographic features of the 
martensitic transformation.
In a four plate group , four habit plane normals cluster about one of the (110} poles 
of the parent phase. Twelve habit plane traces were measured in two surfaces within a 
single grain for each specimen in the present work. The measured habit plane trace data 
were used to determine the habit plane normals in the four specimens ( Table 9.9 ). In 
columns three and six of this Table, the letters A, B, C and D represent the four habit 
plane traces clustered about one of the three measured junction plane normals, as shown 
schematically in Fig.9.3( b ).
The twelve habit plane normals for each specimen were calculated using the relevant 
grain orientation matrix ( c T l ), and the results for the four specimens are reported in 
Table 9.10. In column four of this Table, the direction cosines of the habit plane
1 0 3
TABLE q.Q INPUT DATA FOR THE CALCULATION OF THE HABIT 
PLANE NORMALS
SPEC.
ANGLES DEFINING HABIT PLANE NORMALS ( DEGREES )
HABIT PLANE TRACE ANGLES IN A FOUR 
MARTENSITE VARIANT CLUSTER
-
ANGLE BETWEEN 
NORMALS TO 
TOP AND 
SECTION 
SURFACES
JUNCTION 
PLANE 
TRACE (X)
H A B IT
PLANE
TRACE
(Y)
t tX l(Y ) CCX2(Y)
HABIT
PLANE
TRACE
-  CD
<*X1(Y) & X 2(Y ) 180°-po
1 A 74.2 81.5 C 90.9 75.8
B 72.8 79.0 D 89.6 73.9
1 2 A 11.6 25.6 C 27.1 60.7 93.20
B 12.5 24.4 D 28.1 59.4
3 A 47.7 123.8 C 45.3 144.4
B 45.0 126.0 D 42.5 146.0
1 A 83.4 130.5 C 61.8 126.6
B 86.5 127.2 D 65.0 124.0
2 2 A 147.4 153.0 C 175.0 176.2 91.08
B 145.5 155.8 D 172.3 175.1
3 A 77.0 36.2 C 103.1 41.9
B 75.6 32.8 D 106.4 37.9
1 A 23.2 103.3 C 29.8 128.9
B 20.8 108.2 D 27.7 134.3
3 2 A 35.1 35.0 C 54.1 38.2 89.42
B 31.5 32.2 D 52.2 35.5
3 A 6.9 176.8 C 141.9 14.2
B 11.5 175.1 D 142.9 12.2
1 A 103.5 96.5 C 97.9 112.8
B 105.2 97.8 D 99.6 114.9
4 2 A 86.2 55.3 C 65.8 44.1 89.95
B 88.3 53.6 D 68.3 42.4
3 A 138.5 58.5 C 157.2 43.3
B 137.2 56.6 D 158.2 40.1
TABLE 9.10 CALCULATED HABIT PLANE NORMALS RELATIVE 
TO TIIE 'C' BASIS
SPEC. JUNCTION
PLANE
TRACES
(X)
HABIT 
PLANE 
TRACES(Y)
COSINE VALUES OF 
THE HABIT PLANE NORMALS
ANGLES ( 0 ) BETWEEN 
HABIT PLANE NORMAL AND 
[100],[010],[001] AXES
ANGLES (°) BETWEEN 
HABIT PLANE AND 
JUNCTION PLANE 
NORMALS
ANGLES (°) 
BETWEEN HABIT 
PLANE AND HABIT 
JUNCTION 
NORMALS
A -0 .1 4 9 3 8 8 ; -0 .7 1 1 3 5 0 ; 0 .6 8 6 7 7 8 -8 1 .4 1 ; -4 4 .6 6 ;  4 6 .6 2 8 .6 5 1 .00
1 B -0 .1 5 5 1 2 0 ; -0 .6 7 7 9 0 7 ; 0 .7 1 8 5 9 6 -81 .08 ; -47 .32 ; 4 4 .0 6 9 .0 8 1 .67
C 0 .1 5 9 9 2 4 ; -0 .7 0 8 3 8 5 ; 0 .6 8 7 4 7 0 80 .80; -44 .90 ; 4 6 .5 7 9 .2 4 1 .20
D 0 .1 5 0 8 6 1 ; -0 .6 8 2 6 1 6 ; 0 .7 1 5 0 3 6 81 .32; -46 .95 ; 4 4 .3 5 8 .7 8 1 .03
A -0 .7 1 0 7 5 8 ; 0 .1 4 8 7 5 1 ; 0 .6 8 7 5 2 9 -44 .70 ; 81 .45; 4 6 .5 7 8 .61 1 .67
I 2 B -0 .6 7 3 2 7 9 ; 0 .1 5 9 6 7 8 ; 0 .721941 -47 .68 ; 80 .81; 4 3 .7 9 9 .4 0 1.31
C -0 .7 0 5 4 6 6 ; -0 .1 4 8 6 5 9 ; 0 .6 9 2 9 7 8 -45 .13 ; -81 .45 ; 4 6 .1 3 8 .5 6 0 .8 5
D -0 .6 8 5 3 5 6 ; -0 .1 5 0 6 8 2 ; 0 .7 1 2 4 4 9 -4 6 .7 4 ; -81 .33 ; 4 4 .5 6 8 .7 4 0 .7 5
A 0 .6 9 0 9 1 1 ; 0 .7 0 1 1 4 1 ; -0 .176191 46 .30 ; 45 .48; -7 9 .85 1 0 .1 4 1 .19
3 B 0 .7 2 0 8 8 1 ; 0 .6 7 5 1 8 7 ; -0 .1 5 6 3 7 3 43 .87; 47 .53; -8 1 .0 0 9 .1 7 1 .38
C 0 .6 9 6 2 8 6 ; 0 .7 0 4 7 5 1 ; 0 .1 3 6 0 6 2 4 5 .8 7 ; 45 .19 ; 82 .18 7 .81 1 .06
D 0 .7 1 8 3 5 9 ; 0 .6 8 0 2 9 0 ; 0 .1 4 5 4 8 9 44 .08 ; 47 .13 ; 81 .63 8 .4 9 0 .9 2
A 0 .1 5 8 7 6 7 ; -0 .6 5 6 1 9 3 ; 0 .7 3 7 7 0 2 80.86; -48 .99; 4 2 .4 6 9 .7 3 2 .4 6
2 1 B 0 .1 9 7 4 7 4 ; -0 .6 9 3 3 8 7 ; 0 .6 9 2 9 7 7 78 .61; -46 .10; 46 .13 11 .39 1 .59
C -0 .1 5 6 6 4 1 ; -0 .7 0 1 2 9 3 ; 0 .6 9 5 4 5 0 -8 0 .99 ; -45 .47 ; 4 5 .9 4 9 .0 2 1 .48
D -0 .1 2 0 1 3 8 ; -0 .734442 ; 0 .6 6 7 9 5 3 -83 .10 ; -42 .74 ; 4 8 .0 9 7 .41 1 .77
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TABLE 9.10 (Continued)
SPEC. JUNCTION
PLANE
TRACES
(X)
HABIT 
PLANE 
TRACES (Y)
COSINE VALUES OF 
THE HABIT PLANE NORMALS
ANGLES (fy BETWEEN 
HABIT PLANE NORMAL AND 
[100],[010],[001] AXES
ANGLES (°) BETWEEN 
HABIT PLANE AND  
JUNCTION PLANE 
NORMALS
ANGLES (°) 
BETWEEN HABIT 
PLANE AND HABIT 
JUNCTION 
NORMALS
A 0.745814; -0.156291; 0.647561 41.77; -81.01; 49.64 9.85 2.78
2 B 0.685660; -0.141346; 0.714067 46.71; -81.87; 44.43 8.21 2.24
C 0.719215; 0.169934; 0.673687 44.01; 80.22; 47.65 9.96 2.79
2 D 0.661696; 0.145883; 0.735443 48.57; 81.61; 42.66 8.91 2.24
A 0.136717; 0.712364; 0.688365 82.14; 44.57; 46.50 7.92 1.23
3 B 0.153709; 0.670309; 0.725988 81.16; 47.91; 43.44 9.13 2.16
C -0.166315; 0.723771; 0.669696 -80.43; 43.63; 47.96 9.83 2.58
D -0.172864; 0.671519; 0.720540 -80.05; 47.82; 43.90 10.15 1.62
A -0.721699; 0.674205; -0.156949 -43.81; 47.61;-80.97 9.23 1.18
1 B -0.689575; 0.708523; -0.150048 -46.40; 44.89; -81.37 8.65 1.38
C -0.722117; 0.674771; 0.152296 -43.77; 47.56; 81.24 8.97 1.70
D -0.685083; 0.705666; 0.180713 -46.76; 45.12; 79.59 10.45 1.69
A 0.703077; -0.117812; 0.701395 45.33; -83.23; 45.46 6.69 1.10
3 2 B 0.674458; -0.150573; 0.722899 47.59; -81.34; 43.71 8.82 0.87
C 0.728733; 0.144371; 0.669518 43.22; 81.70; 47.97 8.59 0.58
D 0.699468; 0.140944; 0.700735 45.62; 81.90; 45.51 8.04 0.96
A -0.151834; 0.710905; 0.686677 -81.27; 44.69; 46.63 8.80 1.06
3 B -0.163753; 0.679286; 0.715344 -80.58; 47.21; 44.33 9.55 2.12
TABLE 9.10 (Continued)
SPEC. JUNCTION
PLANE
TRACES
(X)
HABIT 
PLANE 
TRACES (Y)
COSINE VALUES OF 
THE HABIT PLANE NORMALS
ANGLES (°) BETWEEN 
HABIT PLANE NORMAL AND  
[100],[010],[001] AXES
ANGLES (°) BETWEEN 
HABIT PLANE AND 
JUNCTION PLANE 
NORMALS
ANGLES (°) 
BETWEEN HABIT 
PLANE AND HABIT 
JUNCTION 
NORMALS
3 3 c 0 .1 5 8 9 3 0 ; 0 .7 1 4 0 1 5 ; 0 .6 8 1 8 7 6 80 .86; 4 4 .4 4 ; 47 .01 9 .2 3 1 .48
D 0 .1 4 4 0 0 7 ; 0 .6 8 5 2 0 0 ; 0 .7 1 3 9 9 8 81 .72; 4 6 .7 5 ; 4 4 .4 4 8 .3 6 0 .9 7
A 0 .6 9 5 4 3 2 ; 0 .6 9 9 6 8 5 ; -0 .1 6 3 7 5 0 45 .94 ; 4 5 .60 ; -8 0 .5 8 9 .4 1 1 .23
1 B 0 .6 7 2 4 9 5 ; 0 .7 2 4 5 7 4 ; -0 .1 5 0 8 0 4 47 .74; 4 3 .57 ; -8 1 .3 3 8 .91 0 .8 9
C 0 .7 0 9 8 1 2 ; 0 .6 9 1 5 2 7 ; 0 .1 3 4 0 0 4 4 4 .78 ; 4 6 .2 5 ; 8 2 .3 0 7 .7 2 1 .58
D 0 .6 8 1 7 9 3 ; 0 .7 1 3 9 1 5 ; 0 .1 5 9 6 3 3 4 7 .02 ; 4 4 .4 5 ; 80.81 9 .2 6 0 .9 8
A -0 .718738 ; -0 .1 5 3 0 5 8 ; 0 .6 7 8 2 2 5 -4 4 .05 ; -8 1 .2 0 ; 4 7 .2 9 8 .9 6 1 .29
4 2 B -0 .688449 ; -0 .160153 ; 0 .7 0 7 3 8 2 -4 6 .49 ; -8 0 .7 8 ; 4 4 .9 8 9 .2 5 1 .15
C -0 .7 1 4 8 2 8 ; 0 .1 5 9 6 3 0 ; 0 .6 8 0 8 3 7 -44 .37 ; 80 .81; 4 7 .0 9 9 .2 9 1 .16
D -0 .682717 ; 0 .1 4 5 1 5 0 ; 0 .7 1 6 1 2 2 -46 .94 ; 81 .65; 4 4 .2 6 8 .4 6 1.71
A -0 .146796 ; -0 .7 1 2 6 7 9 ; 0 .6 8 5 9 5 9 -81 .56 ; -4 4 .55 ; 4 6 .6 9 8 .51 1 .09
3 B -0 .164643 ; -0 .6 8 4 5 2 7 ; 0 .710151 -8 0 .52 ; -4 6 .80 ; 4 4 .7 5 9 .5 3 1 .28
C 0 .154089 ; -0 .7 1 0 5 9 7 ; 0 .6 8 6 5 1 9 81.14; -44 .72 ; 4 6 .6 4 8 .9 2 0 .7 4
D 0 .168426 ; -0 .6 9 0 5 2 8 ; 0 .7 0 3 4 2 3 80.30; -46 .33 ; 4 5 .3 0 9 .7 1 0 .9 9
1 0 6
1 0 7
normals are given, and in column five, the relative positions of the habit plane normals 
are expressed by their angular relationships with the <100>c axes.
According to the schematic diagram in Fig.9.3 (b), the four habit plane normals are 
clustered about one of the {110}pi plane normals, and A and D and also B and C are 
symmetrically placed about the (110}pi plane normal. In using the three angles in 
column five o f Table 9.10 to describe the relationship of A and D or B and C in the ’C  
basis, each pair should theoretically have equal angles but not in the same order. 
Comparing the largest angle ( about 80° ), there is an average difference between the 
absolute values of the pairs of largest angles of 0.89°.
Column six of Table 9.10, gives the angles between each habit plane normal and the 
relevant junction plane normal in a four - plate group. Theoretically, the same angle 
should exist between each habit plane normal and the corresponding junction plane 
normal. Comparing the results listed in this column, the largest difference for a pair of 
habit plane normals Is 2.37°, and the smallest is 0.04°. 41.7 percent of the differences are 
less than 0.5°, 54.2 percent are less than 1° and 87.5 percent of them are less than 2°. 
The average angular difference is 0.94°.
Above differences are caused by the same reasons as those discussed for the 
calculation of the habit junction plane normals: errors arise from the determination of the 
Pi grain orientation matrix and systematic errors in the measured traces. In the present 
work the habit plane traces were the interfaces of the martensite plate and the parent phase 
which had transformed from the martensite in the reverse transformation. The martensite 
continues to revert to parent as the temperature increases, so the measured interface traces 
could show some small changes in curvature with temperature. Such changes could cause 
trace measurement error and add to the errors in the calculation of the habit plane normals.
Numerous investigations have indicated that the habit plane in a given alloy is more or 
less unique, apart from some scatter which is due mainly to experimental errors. The
à : Average of the habit plane normals.
•: ( 155 )c
FIG. 9.18 (001) - (Oil) - (111) standard unit triangle shov/ing positions of the habit
plane normals as determined by two - surface trace analysis for specimen 1. The habit
plane normals scatter within 2.5° of the <011>/<111> boundary and are close to (155)c •
I l l
i : Average of the habit plane normals.
•: ( 155 )c
FIG. 9.19 (001) - (Oil) - (111) standard unit triangle showing positions of the habit
plane normals as determined by two - surface trace analysis for specimen 2. The habit
plane normals scatter within 5° of the <011 >/<l 11> boundary and are close to (155) ç .
I l l
4 : Average of the habit plane normals. 
• : (155 )c
FIG. 9.20 (001) - (Oil) - (111) standard unit triangle showing positions of the habit
plane normals as determined by two - surface traces analysis on specimen 3. The habit
plane normals scatter within 4° of the <011 >/<l 11> boundary and are close to (155)c.
U1
A : Average of the habit plane normals. 
• : ( 155 )c
FIG. 9.21 (001) - (Oil) - (111) standard unit triangle showing positions of the habit
plane normals as determined by two - surface trace analysis for specimen 4. The habit
plane normals scatter within 2.5° of the <011> /< 111> boundary and are close to (155)c •
001
i : The habit plane normals.
■: The habit junction plane normals.
• : (155) q
FIG. 9.22 (001) - (Oil) - (111) and (010) - (111) - (Oil) standard triangle showing
positions of average habit plane and habit junction plane normals for each of the
four specimens.
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habit plane is generally not one of simple indices. For copper - based shape memory 
alloys, the habit plane of p i ' martensite has been reported to be close to 
{133}c[103,173], {144}c[160], (155}c[159,11 1], {166}c [156] and (2 11 12}c [161].
From the data in Table 9.10, the habit plane normals were plotted in a standard 
stereographic triangle for each of the four specimens, as shown in Figs. 9.18 - 9.21. In 
each case, there was a certain scatter in the habit plane normals. Some researchers [174] 
have suggested that some scatter can be attributed to the experimental difficulties, but that 
a certain amount of the scatter is genuine [174].
For each of the four specimens, the average direction cosines of the habit plane normals 
referred to the 001 - Oil - 111 stereographic triangle are as follows :
Specimen 1: (-0.153111, 0.684776, 0.712488 )c ,
Specimen 2: (-0.156401, 0.673683, 0.722281 )c ,
Specimen 3: (-0.149300, 0.683549, 0.714472 )c , and 
Specimen 4: (-0.155024, 0.684973, 0.711884 )c .
The overall average direction cosines of the habit plane normal for the present alloy are 
as follows:
(-0.153463, 0.681761, 0.715298 )c .
The average values of the habit junction and habit plane normals are plotted in the 
standard stereographic triangle for each of four specimens in Fig.9.22.
It can be concluded that the habit plane normal is close to (155}pi, or more precisely 
{5, 23, 24}, for the pi to p f  martensite transformation in Cu-11.8wt%Al-4.0wt%Ni- 
4.0wt%Mn shape memory alloy.
9.7. LATTICE PARAMETERS OF Pi AND pi ' PHASES
9.7.1. Lattice Parameter of the pi Parent Phase
1 0 9
This lattice parameter was derived for each X - ray diffraction line obtained from the
2 2
• • , , , . . . 1, cos 0 cos 0wire specimen and was plotted against the function y ( --------+ -------- ).
L sin0 0
An approximately linear extrapolation was obtained to a lattice parameter of api = 
5.8594 A at a Bragg angle 0 = 90°.
The parent phase is ordered b.c.c. for the present copper - based alloy. It is denoted 
by Pi and its crystal structure should be ordered like Fe3Al ( DO3 ). However, the order 
will be incomplete as the alloy is non - stoichiometric.
Comparing the present parameter result with other Pi phase lattice parameters of 
copper - based shape memory alloys previously determined, it is found that there is close 
agreement. For example, in a Cu - Zn - Ga alloy, api = 5.86 A and the structure of the 
parent phase is DO3 [111,119,162]; in a Cu - A1 - Ni alloy, api = 5.836 A and the 
crystal structure is also DO3 [159,79 ].
These comparisons make it clear that the present lattice parameter is consistent with 
other determinations and that the structure of the pi phase is ordered DO3.
9.7.2. Lattice Parameters of the pi' Martensite Phase
The parameters of the unit cell of the P i' phase were calculated using X - ray 
diffraction patterns obtained from powder specimens. Firstly, the reflecting planes were 
indexed according to the orthorhombic unit cell using Equation (7.3), where the 
wavelength X = 1.5418 A.
In Table 9.11, the SIN2© values, measured from the diffraction pattern of the pi' 
martensite phase in the Cu - 11.8wt%Al - 4.0wt%Ni - 4.0wt%Mn shape memory alloy, 
are compared with the values calculated using Equation (7.3). From Table 9.11, the sum
no
TABLE 9 11 COMPARISON OF THE MEASURED AND CALCULATED
s i n 2o VALUES FOR THE ßx' PHASE
LINE hkl e (°) M(SIN2 0) C(SIN2 9) |M(SIN28) - C(SIN29)|
1 00  18 21.60 0.1355 0.1332 0.0023
2 128 22.02 0.1406 0.1401 0.0005
3 2 1 1 22.38 0.1450 0.1443 0.0007
4 12 10 23.27 0.1561 0.1549 0.0012
5 0 1 19 24.17 0.1676 0.1691 0.0015
6 2 3 8 35.43 0.3360 0.3362 0.0002
7 3 2 0 36.88 0.3601 0.3601 0.0000
8 13 21 39.14 0.3985 0.3988 0.0003
9 2 0 26 39.29 0.4010 0.4010 0.0000
10 1 130 40.48 0.4214 0.4214 0.0000
11 2 2 23 40.61 0.4236 0.4236 0.0000
12 3 3 4 43.29 0.4701 0.4704 0.0003
13 0 3 27 44.21 0.4863 0.4864 0.0001
14 0 0 36 46.87 0.5327 0.5325 0.0002
of the absolute squares of errors between the measured and calculated values can be 
determined:
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I  | A SIN2© | = X | M(SIN20 ) - Q SIN2© ) | = 0.0073
where M and C are measured and calculated values, respectively.
The mean value of the sum of the absolute square error was:
SI ASIN29 I = °-0 0 iy H  = 0.0005
and therefore the difference between the measured and calculated SIN2© values was very 
small, and the lattice parameters should be quite accurate. The calculated lattice parameters 
are:
a  = 4.3933 A, 
b  = 5.3517 A,
C = 38.03 A.
Secondly, in order to check the accuracy of these lattice parameters and judge the crystal
structure of the pi' phase, a computer program [175] was used to re - calculate the lattice
parameters using the method presented in Section 7.2.3. For this calculation, the
wavelength of the CuKa radiation was taken as 1.5418 A. Table 9.12 shows the values
o f the lattice parameters a, b and C, which were calculated by inputting different values
2
of the monoclinic angle p, and the relative mean square error of the parameter Aa . From
2 . .
this Table, it can be seen that there is the minimum value of Aa when the monoclinic 
angle P is equal to 89.43°. Therefore, the crystal structure of the p i' phase was 
determined to be monoclinic, and the lattice parameters are
a  = 4.3906 A, 
b  = 5.3003 A,
C = 38.14 A, 
and, p = 89.43°.
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TABLE 9.12 THE CALCULATED VALUES OF Aa2 USING DIFFERENT 
VALUE OF p AND THE CORRESPONDING LATTICE PARAMETERS, 
a, b AND c FOR THE p^ PHASE
p (°) Aa2 a (A )
1
¡►
o 
i
^
' 
j
C( A )
88.00 1.1119E - 03 4.3681 5.3003 37.94
89.00 6.2908E - 04 4.3835 5.3003 38.08
89.20 5.9504E - 04 4.3868 5.3003 38.10
89.30 5.8574E - 04 4.3884 5.3003 38.12
89.40 5.8157E - 04 4.3901 5.3003 38.13
89.41 5.8144E - 04 4.3902 5.3003 38.13
89.42 5.8135E - 04 4.3904 5.3003 38.14
3&42 5.8132E - 04 4.3906 5.3003 2 S J4
89.44 5.8134E - 04 4.3907 5.3003 38.14
89.45 5.8141E - 04 4.3909 5.3003 38.14
89.46 5.8153E - 04 4.3910 5.3003 38.14
89.48 5.8192E - 04 4.3914 5.3003 38.14
89.50 5.8252E - 04 4.3917 5.3003 38.15
89.60 5.8858E - 04 4.3934 5.3003 38.16
89.70 5.9973E - 04 4.3951 5.3003 38.18
89.90 6.3727E - 04 4.3985 5.3003 38.21
90.00 6.6362E - 04 4.4002 5.3003 38.22
90.10 6.9502E - 04 4.4019 5.3003 38.24
90.20 7.3144E - 04 4.4037 5.3003 38.25
90.40 8.1935E - 04 4.4072 5.3003 38.28
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In ¡3 - phase copper - based shape memory alloys, the martensitic transformation is 
generated basically due to a strain along the (110}p plane, and a shearing in the relative 
<110>p direction along this {110}p plane [163]. The martensite formed has a " long - 
period stacking order structure ", which can be 2H, 6H, 3R, 6R, 9R and 18R in the 
Ramsdell notation. It is well known that the pi' martensite phase obtained from pi parent 
phase is usually 18R structure and that its fundamental crystal structure is an 
orthorhombic close - packed structure [2], in which the c - axis is perpendicular to the 
basal plane of the long - period stacking of planes. But the structure may be not exactly 
orthorhombic, it may be monoclinic depending on the specific alloy.
Accordingly, in the present case, the p i' crystal structure was assumed to be 
orthorhombic for the initial calculation of the lattice parameters. Because the monoclinic 
structure is another possible structure for the pi' phase, the calculation of the parameters 
was repeated by assuming that the structure is a monoclinic, in order that the lattice 
parameters and the structure of the Pi' martensite phase could be determined more 
correctly. The results indicated that the pi' crystal structure is monoclinic instead of an 
orthorhombic, as the c - axis is not perpendicular to the basal plane, but is inclined to the 
basal plane at an angle of 89.43°. Consequently, the Pi' martensite crystal structure was 
determined to be modified 18R ( M18R) structure.
9.8 COMPARISON OF THE EXPERIMENTAL DATA WITH THEORETICAL 
PREDICTIONS
The phenomenological theory of martensitic transformation is based on the following 
assumptions: there should be zero average distortion of the habit plane ( the interface of 
the parent and martensite phase ) and the habit plane should be unrotated during the 
transformation. These assumptions, together with the lattice parameters of the two 
phases, an assumed correspondence between the two structures and the plane and 
direction of the lattice invariant shear, enable the remaining crystallographic features of 
martensitic transformation ( the orientation relationship, the habit plane, the direction of
1 1 4
the shape strain, and the magnitudes of the shape strain and the lattice invariant shears ) 
to be calculated.
The original phenomenological theory was developed independently by Wechsler, 
Lieberman and Read [10], and Bowles and Mackenzie [8,9]. In the present work, the 
program used to calculate the crystallographic features of p i to p i ' martensitic 
transformation was based on the Bowles - Mackenzie theory [176].
The input data are as follows:
(i) the interface isotropic distortion factor 8 = 1.000000.
(ii) the principal strains of the pure distortion matrix E in diagonal form, which are 
calculated using the lattice parameters of the parent and martensite phases obtained in 
Section 9.7; the results are:
E (1, 1) = 1.059707, E (2, 2) = 0.904581, E (3, 3) = 1.022771.
(iii) the plane P2 and direction D2 of the lattice invariant shear assumed to be (101 )c 
and [ 1 0 1 ] 0  respectively based on the knowledge that the lattice invariant shear in this
case is faulting and on the basal plane of the martensite.
(iv) the lattice correspondence: it is assumed that [100] pr  originates from [101] pj, [010] 
from [010] px and [001]pr  from [101] pj.
The predictions of the theory for the chosen correspondence and lattice invariant shear 
are given in Appendix 3. Habit plane variant B was calculated, but the habit plane normal 
has been referred to the [001] - [011] - [111] standard triangle and is reported as variant A. 
The calculated habit plane normal for variant A was:
(-0.145978, 0.684712, 0.714045 )c .
Section 9.6 indicates that the mean experimental result for the habit plane normal for
variant A was :
001 Oil 010
a : Mean experimental value of the habit plane normal, 
o : Theoreical prediction of the habit plane normal.
■ : Mean experimental value of the habit junction plane normal. 
★ : Theoretical prediction of the habit junction plane normal.
• : ( l5 5 )e
FIG. 9.23 (001) - (Oil) - (111) and (010) - (111) - (011) standard unit triangle showing 
positions of theoretical predictions and mean experimental results for the habit plane 
normal and habit junction plane normal.
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(-0.153463, 0.681761, 0.715298 )c
Figure 9.23 shows that the calculated and the mean experimental habit plane normals 
and shows that they are in very close agreement - the angle between the theoretical and 
the mean experimental habit plane normals is 0.46°. Since the experimental error limit is 
considered to be 1.5®, it can be concluded that the theoretical prediction agrees 
satisfactorily with the experimental result for the habit plane normal in the present alloy.
According to the theoretical result for the habit plane normal, the corresponding habit 
junction plane normal is
( -0.146009, 0.699529, 0.699529 )c 
The mean experimental result for the habit junction plane normal is 
(-0.154346, 0.699168, 0.698098 )c ( Section 9.6 )
Figure 9.23 also shows the calculated and the mean experimental habit junction plane 
normals. Using the dot product, the angle between the predicted and experimental habit 
junction plane normals is 0.49°, and this discrepancy is within the limit of the 
experimental error. Therefore, the theoretical prediction is in good agreement with the 
experimental result for the habit junction plane normal of the p f martensite.
In summary, the theoretical predictions of the Bowles - Mackenzie theory for the 
habit plane normal and the habit junction plane normal are in close agreement with the 
experimental measurements. This agreement occurs despite the fact that the theoretical 
calculations are based on an orthorhombic rather than a monoclinic martensite phase, since 
the small deviation from orthogonality is not likely to change the predictions in any 
significant way.
Concerning the validity of the basic assumption that the (01 l)pi plane is unrotated the 
calculated total lattice strain (Appendix 3 ) indicates that the (011)pi junction plane is
1 1 6
rotated, at least on a fine scale, by 1.57° by the transformation. However, in terms of the 
macroscopic shape change (Oll)pi is rotated by only 0.16°, consistent with the basic 
assumption of the analysis.
CHAPTER 10
CONCLUSIONS
For a Cu - 11.8wt%Al - 4.0wt%Ni - 4.0wt%Mn shape memory alloy, quantitative 
m etallography has been used to determine the relative frequencies of the 
ciystallographically different kinds of junction planes in thermally induced pi' martensite. 
The reverse transformation has been investigated over the transformation range by 
carrying out two reversion cycles. Crystallographic features, such as: Pi grain 
orientation, habit junction plane and habit plane normals, have been determined. A new 
method for Pi grain orientation determination using {110}pi junction plane traces has 
been developed. Powder X - ray diffraction has been used for the determination of the 
lattice parameters of the parent and martensite phases, and comparison of the experimental 
measurements for the habit plane and habit junction plane and the theoretical predictions 
of the phenomenological theory have been carried out The following conclusions can be 
drawn.
( i ) The main arrangement of the four pi' martensite variants in a plate group is in an 
extended "chevron" type morphology which is repeated in a "zig - zag" pattern on a large 
scale. Each of the four variants is easily distinguished using polarized light
( i i ) For Pi' martensite, the dominant junction plane interface is the habit plane junction, 
which is about 8 times more common than the {110}pi junction plane. The frequency of 
the {100}pi junction plane was found to be so low that it can be disregarded as a 
significant microstructural feature of thermally induced Pi' martensite.
( i i i ) In the first reverse transformation, both DSC and metallography indicated a wide 
transformation range which contracted in the second reversion cycle mainly because of a 
sharp decrease in Af. This transient martensite stabilisation can be considered to be a 
general feature of p i' to pi reverse transformations in copper - based shape memory 
alloys [171] and is related to the presence of barriers to reverse interface movement which 
originate in excess defects in the pi' martensite and stresses which result from the initial
rapid quenching.
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( iv ) During the reverse transformation, the nucléation of the parent phase can occur 
preferentially at the interface of martensite plates or within the plates, depending on where 
the associated defect energy is high enough to contribute to the energy needed to 
overcome the activation energy barrier for nucléation.
( v ) The {110}$i junction plane trace analysis method was found to give self - 
consistent results for the prior pi grain orientation. Although a certain error existed in the 
{110}pi junction plane measurements and in the derived transformation matrix, cT[, the 
scatter in the mean experimental results for habit and habit junction plane normals, 
expressed in the C basis, was relatively small - less than ±1.5°.
( vi ) The habit plane of the Pi to pi' martensite transformation has been measured by 
means of the reverse Pi relief and the mean experimental value is: (-0.153463, 
0.681620, 0.715150 )<3 which is close to ( 155 )c.
( vii ) The habit junction plane of the pi to pi' martensite transformation has been 
determined by means of the trace measurements and the mean experimental value is:
( -0.154346, 0.699168, 0.698098 )c.
( viii ) The lattice parameter api of the ordered DO3 parent phase was found to be 
5.8594Â. The crystal structure of the martensite phase is modified 18R, with lattice 
parameters a = 4.3906Â, b = 5.3003Â, c = 38.14À and P = 89.43°.
( ix ) The Bowles - Mackenzie theory has been applied to the pi to Pi' martensite 
transformation in the present work, and the theoretical prediction of the habit plane 
normal, ( -0.145978, 0.684712, 0.714045 )c, differs from the mean experimental value 
by 0.46 degree, which is within the limit of the experimental error. Thus, the theoretical 
prediction agrees well with the experimental result for the habit plane normal.
( x ) The angle between the theoretically predicted habit junction plane normal and the 
mean experimental value is 0.49 degree. Therefore, the theoretical prediction is also in 
good agreement with the experimental result for the habit junction plane normal.
APPENDICES
A PPEN D IX  1. M A TRIX ALGEBRA PROGRAM S
( 1 )
C CROSS PRODUCT FORTRAN PROGRAM
REAL al,bl,cl,a2,b2,c2,A,B,CT),S^Rl,R2,R3 
CHARACTER ANSW*3,NAME*10 
10 WRITE(*,RELEASE ENTER DATA(3F10.6)’
READ(*,20) al,b l,cl
W RirE(*,*)TLEASE ENTER OTHER DATE(3F10.6)'
READ(*,30) a2,b2,c2 
20 FORMAT0F1O.6)
30 FORMAT(3F10.6)
A=bl*c2-cl*b2
B=cl*a2-c2*al
C=al*b2-a2*bl
D=A**2+B**2+C**2
S=1/SQRT(D)
R1=S*A
R2=S*B
R3=S*C
WRITE(*,40) A,B,C 
WRITE(*,50) D,S 
WRITE(*,60) R1R2.R3
WRrrE(*,'(A\)’)’WOULD YOU LIKE TO PRINT THE OUTPUT(Y/N).’ 
READ(*,*) ANSW
IF ((ANSW.EQ.'Y').OR.(ANSW.EQ.'y')) THEN 
WRrrE(*,’(A\)')ENTER THE FILE NAME.'
READ(* ,*) NAME 
OPEN(6JTLE=NAME)
WRITE(6,40) A3,C  
WRITE(6,50) D,S 
WRITE(6,60) R1,R2,R3 
CLOSE(6)
ELSE 
GOTO 70 
ENDIF
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40 FORMAT(X,2HA=J'10.6y 1X,2HB=,F10.6,/ X,2HC=,F10.6) 
50 FORMAT(X,2HD=,F10.6y X,2HS=,F10.6)
60 FORMAT(X,3HR 1=,F 10.6,/ X,3HR2=,F10.6,/ X,3HR3=,F10.6) 
70 PAUSE
WRITE(*,'(A\)')DO YOU WANT TO CONTINUE?'
READ(* *) ANSW
IF ((ANSW.EQ.’Y').OR.(ANSW.EQ.'y')) THEN 
GOTO 10 
ENDIF 
STOP 
END
1 2 3
C DOT. PRODUCT FORTRAN PROGRAM.
(2 )
SUBROUTINE DOTPRD(U,V,DOT,THETA) 
REAL U(3),V(3)JDOT,THETAR,THETA 
DOT=0.0 
DO 11=1,3
1 DOT=DOT+U(I)*V(I) 
THETAR=ACOS(DOT)
THETA=THETAR* 180.0/3.14159265
RETURN
END
C
C
REAL U(3),V(3)
CHARACTER ANSW*3,NAME*10 
5 WRITE(*,*),PLEASE ENTER DATA(3F10.6)'
READ(*, 10)(U(I),I= 1,3)
WRITE(*,*)PLEASE ENTER OTHER DATA(3F10.6)'
RE AD(* ,20)(V (I) ,1= 1,3)
10 FORMAT (3F10.6)
20 FORMAT (3F10.6)
CALL DOTPRD(U, V JDOT,THETA)
WRITE(*,30)(U(I),I= 1,3)
WRTTE(*,40)(V (I),I= 1,3)
WRTTE(*,50) DOT 
WRITE(*,60) THETA
WRITE(*,'(A\),),WOULD YOU LIKE TO PRINT THE OUTPUT (Y/N).' 
READ(*,*) ANSW
IF ((ANSW.EQ.Y').OR.(ANSW.EQ.y)) THEN 
WRITE(*,,(A\),yENTER THE FILE NAME.’
READ(*,*) NAME 
OPEN (6,HLE=NAME)
WRTIE(6,30) (U(I),1=1,3)
WRITE(6,40) (V(I),I=1,3)
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WRITE(6,50) DOT 
WRrrE(6,60) THETA 
CLOSE(6)
ELSE 
GOTO 70 
ENDIF
30 FORMAT(lX,2HU=, 3F10.6)
40 FORMAT(lX,2HV=, 3F10.6)
50 FORMAT(lX,4HDOT=, F10.6)
60 FORMAT(lX,7HTHETA=, F5.2)
70 PAUSE
WRTTE(*,'(A)')' DO YOU WANT TO CONTINUE?’ 
READ(*,*) ANSW
IF ((ANSWiQ.'Y').OR.(ANSW.EQ.y)) THEN 
GOTO 5 
ENDIF 
STOP 
END
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C ( 3 X 1 )  MAT. FORTRAN PROGRAM.
SUBROUTINE MATVEC(A,U,V)
REAL A(3,3),U(3),V (3),SUM 
DO 11=1,3 
SUM=0.0 
DO 2 J=l,3
SUM=SUM+A(I,J)*U(J)
2 CONTINUE 
V(I)=SUM 
1 CONTINUE 
RETURN 
END
REAL A(3,3),U(3),V(3)
INTEGER INP2.NA
CHARACTER ANSW*3NAME*10,INFILE*20
5 WRITE(*,*)PLEASE ENTER DATA FILE NAME(3F10.6/3F10.6/3F10.6)' 
READ(*,’(A\)') INFILE 
OPEN (3,FILE=INFILE)
READ(3,*rEND=90JERR=90) (A(1J)J=1,3)
READ(3,*,END=90,ERR=90) (A(2J)J=1,3)
READ(3,*,END=90,ERR=90) (A(3J)J=1,3)
CLOSE(3)
WRTTE(*,30) ((A(IJ) J= 1,3),I= 1,3)
GOTO 11
* INPUT ERROR HANDLING ROUTINE 
90 WRITE(*,*)' ERROR IN INPUT DATA FILE '.INFILE
WRITEC*,*)' ENTER 1 -TO RERUN PROGRAM WITH NEW DATA FILE' 
WRITE(*,*)' 2 -QUIT PROGRAM AND CHECK FILE FORMAT
READ(*,*)INP2 
IF(INP2EQ.l) THEN 
GOTO 5
( 3 )
ELSE 
GOTO 500 
ENDIF
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11 WRITE(*,*)'PLEASE ENTER OTHER DATA (3F10.6).’
READ(*,*)(U(J),J= 1,3)
10 FORMAT (3F10.6y,3F10.6y,3F10.6)
20 FORMAT (3F10.6)
CALL MATVEC(A,U,V)
WRTTE(*,30) ((A(IJ),J=1,3),I=1,3)
WRITE(*40) (U(J),J=1,3)
WRirE(*,50) (V(I), 1=1,3)
WRrrE(*,'(A\)') WOULD LIKE TO PRINT THE OUTPUT ON A FILE(Y/N).' 
READ(*,*) ANSW
IF ((ANSW.EQ.'Y').OR.(ANSW.EQ.,y')) THEN 
WRITE(*,'(A\)’)ENTER THE FILE NAME.'
READ(*,*) NAME 
OPEN(6JTLE=NAME)
WRnE(6,30) ((A (Ijy=l,3),I=l,3)
WRTrE(6,40) (U(J),J=1,3)
WRTIE(6,50) (V(I),I=1,3)
CLOSE(6)
ELSE 
GOTO 60 
ENDIF
30 FORMAT(1X,3F10.6^,1X,3F10.6,/,1X,3F10.6,//)
40 FORMAT(1X,3F10.6,//)
50 FORMATOX 2HV=,3F10.6)
60 WRITE (*,*)’ 1 -  CHANGE ALL DATA'
WRITE (* ,*)’2 -  ONLY CHANGE SECOND DATA'
WRITE (*,'(A\)')'3 -- QUIT PROGAM '
READ(* ,*) NA 
IF (NA=1) THEN 
GOTO 5
ELSE IF (NA=2) THEN 
GOTO 11 
ELSE 
GOTO 500
END IF 
500 STOP 
END
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APPENDIX 2. PROGRAM S FO R CALCULATION OF LATTICE 
PARAM ETERS FO R  ORTHO RHOM BIC M ARTENSITE
( 1 )
C FORTRAN PROGRAM FOR CALCULATION OF LATTICE PARAMETERS
REAL AJE,C,TA(150),TE(150),TC(150) 
CHARACTER ANSW*3, NAME* 10
i=0
10 WRITE(*,*)TLEASE ENTER DATA FOR E,C' 
READ(*,*) E,C 
A=E-C
n=l
i=i+n
TA(i)=A
TE(i)=E
TC(i)=C
WRITE(*,,(A\),)rDO YOU WANT TO CONTINUE?' 
READ(*,*) ANSW
IF((ANSW.EQ.,Y').OR.(ANSW.EQ.'y')) THEN 
GOTO 10 
END IF
write(*,'(a)')' PRINT ON 1. FILE.' 
writeC’VCa)')' 2. PRINTER.'
write(*,'(a\)')' 3. SCREEN. ’
read(*,*) kans 
if (kans.eq.l) then 
mk=5
write(*,'(a\)')' E tITER THE 
& PLOTTING FILENAM E.' 
read(*,'(a)') name 
open(5,file=name) 
else if (kans.eq.2) then 
mk=6
CALL SPLOWNC ’)
CALL SPLNOW
else
mk=9
endif
write(mk,*)'------------------   '
writeCmk,*)’ E(sin 0 ) C(sin 0 ) [E(sin 0)-C(sin 0)]?
write(mk,*)'----- - ---------------------------------    '
do 100 m =l,i
write(mk,90) TE(m),TC(m),TA(m)
100 continue
90 format(/,2X/7.4,9x,f7.4,1 lx,f7.4)
write(mk,*)'---------------------------------------   '
if (mk.eq.5) then 
close(5)
else if (mk.eq.6) then
call splend
endif
STOP
END
include splown.inc
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C FORTRAN PROGRAM FOR CALCULATION OF pi' LATTICE PARAMETERS
( 2 )
REAL b,tb( 150)
CHARACTER ANSW*3, NAME* 10 
integer mth(150),mtk(150),mtl(150) 
integer kans,mk,i,n,h,k,l 
i=0
10 WRITE(*,*)'FLEASE ENTER DATA( 314)’ 
READ(*,*) h,k,l
b=0.03079*h**2+0.02075*k**2+0.000411*l**2
n=l
i=i+n
tb(i)=b
mth(i)=h
mtk(i)=k
mtl(i)=l
WRITE(*,'(A\),)rDO YOU WANT TO CONTINUE?’ 
READ(*,*) ANSW
IF((ANSW.EQ.'Y').OR. (ANSW.EQ. 'y')) THEN 
GOTO 10 
ENDEF
write(*,'(a)')' PRINT ON 1. R L E .’ 
write(*,,(a)')' 2. PRINTER.'
write^/CaV)’)' 3. SCREEN.'
read(*,*) kans 
if (kans.eq.l) then 
mk=5
write(*,’(a\)’)' ENTER THE 
& PLOTTING FILENAM E.' 
read(*,'(a)') name 
open(5 ,file=name) 
else if (kans.eq.2) then 
mk=6
CALL SPLOWNO ')
CALL SPLNOW
else
mk=9
endif
write (ink,*)'---------------------------------------
write(mk,*)' h k 1 sin0'
write(mk,*)'---------------------------------------
do 100 m =l,i
write(mk,90) mth(m),mtk(m),mtl(m),tb(m) 
100 continue
90 format(/,3(2x,i2),9x,f7.4/)
write(mk,*)'---------------------------------------
if (mk.eq.5) then 
close(5)
else if (mk.eq.6) then
call splend
endif
STOP
END
include splown.inc
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APPENDIX 3. TH EO R ETIC A L PREDICTION S FO R CRYSTALLOG­
R A PH IC  FEATURES OF p x TO p x' TR A N SFO R M A TIO N  BASED ON 
TH E BOW LES - M ACKENZIE THEORY
INPUT DATA
1. DO3 TO 18R CALCULATION.
2. D A T A .
3. NORMAL FORWARD CALCULATION, BOTH THE SHEAR PLANE P2 & 
DIRECTION D2 NEED TO BE INPUT.
4. DISTORTION MATRIX E NOT DIAGONAL IN CRYSTAL COODINATES. THE 
ROTATION MATRIX TO TRANSFORM E COMPUTED FROM LATTICE 
CORESSPONDENCE (SECTION 9).
5. FORWARD MODE PLANE P2 AND DIRECTION D2 OF THE LATTICE 
INVARIANT DEFORMATION INPUT, SHAPE DEFORMATION PI AND D1 
CALCULATED.
6. INTERFACE ISOTROPIC DISTORTION FACTOR = 1.000000.
7. PRINCIPAL STRAINS OF PURE DISTORTION MATRIX IN DIAGIONAL 
FORM E (l,l)  = 1.059707, E(2,2) = 0.904581, E(3,3) = 1.022771.
8. PLANE P2 & DIRECTION D2 OF LATTICE INVARIANT DEFORMATION
( 1.000001 0.00 1.0 0 ) [ 1.00 0.00 - 1.00 ]
9. LATTICE CORRESPONDENCE: AXES OF P2 & D2 -> AXES IN WHICH E IS 
DIAGONAL
[ 1.00 0.00 0.0 0 ] [ 1.00 0.00 - 1.00 ]
[ 0.00 1.00 0.00 ] [ 0.00 1.00 0.00 ]
[ 0.00 0.00 1.00 ] [ 1.00 0.00 1.00 ]
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PROGRAM OUTPUT
INVARIANT LINES AND NORMALS
X I X2 N1 N2
-.546082 -.546082 .645966 .645966
.635286 -.635286 .406762 -.406762
.546082 .546082 .645966 .645966
DETERMINANT OF E = 0.980418 = VOLUME RATIO OF PARENT TO 
PRODUCT PHASE
CRN = MATRIX OF NORMALISED COORDINATES OF THE CRYSTAL SPACE 
DGN = MATRIX OF NORMALISED COORDINATES OF THE SPACE IN WHICH 
E IS DIAGONAL
CRN DGN
1.000000 .000000 .000000 .707107 .000000 .707107
.000000 1.000000 .000000 .000000 1.000000 .000000
.000000 .000000 1.000000 -.707107 .000000 .707107
THE RESULTING FOUR SOLUTIONS OR VARIANTS
(XI, N l) (X2, N2)
M l = THE MAGNITUDE OF THE SHAPE SHEAR
M2 = THE MAGNITUDE OF THE LATTICE INVARIANT DEFORMATION 
THETA = THE ROTATION ANGLE OF THE RIGID BODY ROTATION
M l M2 THETA M l M2 THETA
.179257 .071022 5.541988 .179257 .071022 5.541988
PI = THE PLANE OF THE SHAPE SHEAR
D1 = THE DIRECTION OF THE SHAPE SHEAR
U = THE AXIS OF ROTATION OF THE RIGID BODY ROTATION
1 3 4
PI D l U
-.684711 -.619377 -.209798 
-.714045 .773909 -.373231
.145979 .132047 -.903705
P I D l U 
-.684711 -.619377 .209798 
.714045 -.773909 -.373231 
.145979 .132047 .903705
PI = THE SHAPE CHANGE MATRIX
1.076022 .079279 -.016208
-.094989 .900942 .020251
-.016207 -.016902 1.003455
1.076022 -.079279 -.016208 
.094989 .900942 -.020251 
-.016207 .016902 1.003455
P2 = THE LATTICE INVARIANT DEFORMATION SHEAR MATRIX
.964489 .000000 -.035511
0.000000 1.000000 0.000000 
.035511 .000000 1.035511
R = THE ROTATION MATRIX
.964489 .000000 -.035511
0.000000 1.000000 0.000000 
.035511 .000000 1.035511
.995531 .087641 -.035159 
-.086909 .995977 .021838 
.036931 -.018685 .999143
.995531 -.087641 -.035159 
.086909 .995977 -.021838 
.036931 .018685 .999143
B = THE EFFECTIVE PURE DISTORTION MATRIX 
B IS GIVEN IN THE CRYSTAL COORDINATES
1.041239 .000000 -.018468 1.041239 .000000 -.018468
.000000 .904581 .000000 .000000 .904581 .000000
-.018468 .000000 1.041239 -.018468 .000000 1.041239
S = THE MATRIX OF THE INVARIANT LINE STRAIN
1.037235 .079279 -.054994 1.037235 -.079279 -.054994
-.090897 .900941 .024343 .090897 .900941 -.024343
.020002 -.016902 1.039665 .020002 .016902 1.039665
SI = THE INVERSE OF S
.955804 -.083122 .052504 .955804 .083122 .052504
•096886 1.101037 -.020656 -.096886 1.101037 .020656
-.016814 .019499 .960503 -.016814 -.019499 .960503
THE DETERMINANT OF THE SHAPE CHANGE MATRIX
.980419 .980419
(XI, N2) (X2, N l)
M l = THE MAGNITUDE OF THE SHAPE SHEAR
M2 = THE MAGNITUDE OF THE LATTICE INVARIANT DEFORMATION
THETA = THE ROTATION ANGLE OF THE RIGID BODY ROTATION
M l M2 THETA M l M2 THETA
.179257 .071022 5.541988 .179257 .071022 5.541988
PI = THE PLANE OF THE SHAPE SHEAR
D1 = THE DIRECTION OF THE SHAPE SHEAR
U = THE AXIS OF ROTATION OF THE RIGID BODY ROTATION
PI D1 U PI D1 U
.145978 .132047 -.903705 .145978 .132047 .903705
.714045 -.773909 .373231 -.714045 .773909 .373231
-.684712 -.619377 -.209798 -.684712 -.619377 .209798
PI = THE SHAPE CHANGE MATRIX
1.003455 .016902 -.016207 1.003455 -.016902 -.016207
-.020251 .900942 .094989 .020251 .900942 -.094989
-.016208 -.079279 1.076022 -.016208 .079279 1.076022
P2 = THE LATTICE INVARIANT DEFORMATION SHEAR MATRIX
1.035511 .000000 .035511 1.035511 .000000 .035511
0.000000 1.000000 0.000000 0.000000 1.000000 0.000000
-.035511 .000000 .964489 -.035511 .000000 .964489
R = TEJE ROTATION MATRIX
.999143 .018685 .036931 .999143 -.018685 .036931
-.021838 .995977 .086909 .021838 .995977 -.086909
-.035159 -.087641 .995531 -.035159 .087641 .995531
B = THE EFFECTIVE PURE DISTORTION MATRIX 
B IS GIVEN IN THE CRYSTAL COORDINATES
1.041239 .000000 -.018468 1.041239 .000000 -.018468
.000000 .904581 .000000 .000000 .904581 .000000
-.018468 .000000 1.041239 -.018468 .000000 1.041239
S = THE MATRIX OF THE INVARIANT LINE STRAIN
1.039665 .016902 .020002
-.024343 .900941 .090897
-.054994 -.079279 1.037235
SI = THE INVERSE OF S
.960503 -.019499 -.016814 
.020656 1.101037 -.096886 
.052504 .083122 .955804
1.039665 -.016902 .020002 
.024343 .900941 -.090897 
-.054994 .079279 1.037235
.960503 .019499 -.016814
-.020656 1.101037 .096886 
.052504 -.083122 .955804
THE DETERMINANT OF THE SHAPE CHANGE MATRIX
.980419 .980419
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